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ABSTRACT 

A d e s c r i p t i o n  i s  given of four methods of modifying an o rd ina ry  

McLeod gauge tc  extend i t s  range of ope ra t ion  t o  lower p r e s s u r e s .  

The "mult iple  compression" technique used i s  t h a t  of accumulating 

gas  samples and s t o r i n g  them i n  the c losed  end c a p i l l a r y  of t h e  

gauge. Experimental r e s u l t s  a r e  presented t o  show how p res su res  

below 1 x 10 mm Hg are measured w i t h  g r e a t e r  prec .,ion and accu-  

r a c y  than  can normally be obtained.  Accumulated samples of n i t rogen  

gas  were s t o r e d  i n  t h e  c losed  c a p i l l a r y  of t h e  gauge f o r  pe r iods  of 

t i m e  up t o  42 hours w i t h  no apparent l o s s  o r  g a i n  of molecules .  
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I. INTRODUCTION 

McLeod gauges t h a t  a r e  used as p re s su re  s t anda rds  t o  c a l i b r a t e  a 

v a r i e t y  of o the r  p re s su re  gauges and mass spec t rometers  and a l s o  t o  

measure t h e  pumping speeds of vacuum pumps should provide t h e  h i g h e s t  

p o s s i b i e  accuracy.  It i s  genera l ly  accepted t h a t  accu rac i e s  of t h e  

o rde r  of 1 o r  2 per  cen t  ii;Liy be  obtained f o r  p re s su res  g r e a t e r  t han  

1 x 10 

sys t ema t i c  e r r o r s  as mercury vapor stream pumping'' 

s p i r a t i o n  e f f e c t s  . One p a r t i c u l a r  commercial gauge c la ims  an accuracy 

of * 1 .4  per  cen t  a t  a p re s su re  of 1 x 10 mm Hg based on a t 0 . 2 5  mm 

p r e c i s i o n  i n  r ead ing  t h e  p o s i t i o n  of t h e  mercury meniscus". This  same 

-5 -6 -7 gauge i s  s a i d  t o  measure pressures  of 1 x 10 , 1 x 10 , and 1 x 10 

-4 
mm Hg, provid ing  t h a t  precaut ions  are taken  t o  e l i m i n a t e  such 

and thermal t r a n -  

3 
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mm Hg w i t h  accu rac i e s  of k 4.4 per c e n t ,  f 14 per  c e n t ,  and k 44 p e r  

c e n t ,  r e s p e c t i v e l y .  It has  been the  exper ience  of t h e  wr i t e r ,  and of 

o t h e r s ,  t h a t  McLeod gauge accurac ies  quoted f o r  p r e s s u r e s  below 1 x 10 

mm Hg a r e  t o  be regarded w i t h  susp ic ion  - e s p e c i a l l y  when t h e s e  p re s su res  

a r e  nea r  t he  lower measurement l i m i t  of t h e  gauge. 

-4 

It i s  g e n e r a l l y  no t  ve ry  well  app rec i a t ed  t h a t  t h e  accuracy of 

McLeod gauge measurements depends on e r r o r s  t h a t  can a r i s e  from two 

s e p a r a t e  sources .  The f i r s t  source inc ludes  imperfec t ions  i n  t h e  gauge 

i t s e l f ,  c a p i l l a r y  e f f e c t s ,  reading e r r o r s ,  e t c .  The second source con- 

s i s t s  of t h e  presence of a non-representa t ive  sample of gas  i n  t h e  gauge. 

The l a t t e r  ca tegory  inc ludes  t h e  e f f e c t s  of mercury vapor s t ream pump- 

i n g ,  thermal t r a n s p i r a t i o n ,  outgassing o r  adso rp t ion  i n  t h e  gauge o r  

Jr 
Model GM-110 McLeod G:. ge made by Consol idated Vacuum Corp . ,  
Roches te r ,  New York. 



mercury, and, f i n a l l y ,  p re s su re  f l u c t u a t i o n s  o r  non-equi l ibr ium con- 

d i t i o n s  i n  t h e  system whose pressure  i s  be ing  measured. 

I n  ve ry  gene ra l  terms, one can say  t h a t  t h e  p r e c i s i o n  and accuracy  

of McLeod gauge r ead ings  vary  d i r e c t l y  w i t h  t h e  p re s su re  be ing  measured. 

Low p r e c i s i o n s  are obta ined  a t  low gas  p r e s s u r e s  where t h e  random va r i -  

aiioiis of capillary depress ion ,  reading  s r r e r s ,  etc.,are l a r g e  r e l a t ive  

t o  t h e  s h o r t  l e n g t h  of t h e  u n f i l l e d  c losed  c a p i l l a r y  and t h e  small 

d i f f e r e n c e  i n  he igh t  of t h e  two c a p i l l a r y  menisc i .  By e f f e c t i v e l y  i n -  

c r e a s i n g  t h e  p re s su re  t h a t  t he  gauge measures,  one i n c r e a s e s  bo th  t h e  

p r e c i s i o n  and accuracy of t h e  readings .  

The most obvious way of i nc reas ing  accuracy i s  t o  c o n s t r u c t  a 

l a r g e r  gauge. This  i s  n o t  impossible ,  b u t  it becomes ve ry  c o s t l y  t o  

c o n s t r u c t  l a r g e  r e s e r v o i r s  and f i l l  them w i t h  hundreds of  pounds of 

mercury. Also,  as t h e  r e s e r v o i r  and compression bulb  s i z e s  i n c r e a s e ,  

t h e  vacuum system requ i r ed  and the ou tgass ing  problems become g r e a t e r .  

It i s  p o s s i b l e  t o  inc rease  the p r e c i s i o n  and accuracy of  McLeod 

gauges wi thout  changing t h e i r  dimensions. The method of doing t h i s  i s  

t o  use  m u l t i p l e  compressions . I n  t h e  m u l t i p l e  compression technique ,  

t h e  McLeod gauge i s  equipped wi th  a valve of some s o r t  t h a t  w i l l  a l low 

gas  t o  be  i s o l a t e d  and s t o r e d  i n  t h e  closed-end c a p i l l a r y .  Af t e r  a 

sample of t h e  gas  t o  be  measured i s  admi t ted  t o  t h e  compression bulb  

and i s  compressed by r a i s i n g  t h e  mercury u n t i l  i t  i s  forced  i n t o  t h e  

c l o s e d  end c a p i l l a r y ,  a small  valve loca ted  a t  the base  of t h e  c a p i l l a r y  

4 
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is closed. At this point, the mercury is lowered below the cut-off 

level of the compression bulb and a second sample of gas is allowed to 

enter the compression bulb. The second sample is compressed by raising 

the mercury and the capillary valve is opened to permit the second 

sample t o  be combined with the first sample. Both samples of gas are 

then stored in the closed capillary and the cycle is repeated to obtain 

a third sample, etc. 

after any number of samples have been taken. 

A measurement of the gas pressure may be made 
e 

Multiple compression provides two major benefits in making McLeod 

gauge measurements. The first of these is obviously.the transformation 

of a low pressure gas sample to a much higher pressure sample that can 

be measured with greater precision. The second major benefit is that 

one takes a series of samples of the gas being measured over an extended 

period of time. Because of this, one obtains a more representative 

sampling of the gas being measured. The effects of pressure fluctuations, 

for example, will be minimized. 

In the sections that follow, one will find a discussion of the very 

simple theory that underlies multiple compression, a discussion of vari- 

ous ways of storing gas in the McLeod gauge, descriptions of different 

multiple compression gauges that have been built, descriptions of ex- 

periments that have been performed with multiple compression gauges, and, 

finally, a summary and discussion of various conclusions that have been 

reached. 

3 



11. THEORY OF MULTIPLE COMPRESSION 

The McLeod gauge i s  e s s e n t i a l l y  a combination p res su re  a m p l i f i e r  

and l i q u i d  manometer. A known amount of gas ( t h a t  contained i n  t h e  

compression bulb w i t h  o r  without  the added volume of t h e  c losed  end 

c a p i i i a r y j  

a new, smaller, known volume such t h a t  i t s  new, h ighe r  p r e s s u r e  i s  

l a r g e  enough t o  be measured by the l i q u i d  manometer p o r t i o n  of t he  i n -  

s t rument .  The o p e r a t i o n  of t h e  gauge i s  based on t h e  p r i n c i p l e  of 

Boy le ' s  Law, v i z .  t h e  product of p re s su re  and volume of a p e r f e c t  gas 

remains cons t an t  a t  cons t an t  temperature.  Thus, i f  one can r u l e  ou t  

t h e  presence of such d i s t u r b i n g  phenomena such as condensat ion of t h e  

g a s ,  d e v i a t i o n s  from i d e a l  behavior (Van der  Waal's gas ,  e t c . ) ,  d i s s o c i -  

a t io i i ,  a s s o c i a t i o n ,  chemical r e a c t i o n ,  s o r p t i o n  and deso rp t ion  p rocesses ,  

t hen  t h e  McLeod gauge has the  c a p a b i l i t y  of y i e l d i n g  a c c u r a t e  r e s u l t s .  

ai an urikiiowii pressure to be de te rm ized  IS comprcsscd t o  

For a continuous flow system, t h e  usua l  d e r i v a t i o n  of t h e  McLeod 

gauge equa t ion  i s  ob ta ined  by equating t h e  product of t h e  p re s su re  and 

volume of t h e  gas i n  t h e  l a r g e  compression bulb p r i o r  t o  compression 

w i t h  t h e  product of t h e  p re s su re  and volume of gas  i n  t h e  c losed  end 

c a p i l l a r y  a f t e r  compression. I f  one inc ludes  c o r r e c t i o n s  f o r  t h e  

c a p i l l a r y  d i s t o r t i o n  and varying mercury depres s ion ,  t h e  equa t ion  may 

be w r i t t e n  as shown below: 

PV = (P + hd + &)(u h: + VD) 

where t h e  symbols above have the  fol lowing meaning: 

4 



P = sample gas pressure being measured (mm Hg) 

V = volume of the compression bulb and closed 
capillary (cm3) 

hd = vertical difference in height between the 
mercury menisci in the open and closed 
capillaries (mm) 

@h = the capillary depression difference between 
the open and closed capillaries (mm) 

u = cross sectional area of the closed end 
capillary expressed in units of cm3/mm length 

h' = the length of the unfilled portion of the 
C closed capillary including a meniscus shape 

correction (mm) 

VD = distortion volume at the top of the closed 
end capillary (cm3). 

-2 When one is measuring pressures of 10 mm Hg and below, the 

pressure P, expressed in mm Hg, is small compared with the difference 

in height h of the capillary mercury columns and can be safely neg- 

lected in the right hand member of equation (1). The volume correction 

d 

V for the irregular shape of the top of the closed capillary may be 

determined by weight and length measurements made in the same fashion 

D 

as the measurement of the cross section parameter a .  For carefully 

fabricated capillaries the volume V may be equivalent to the volume 

contained in about 0.1 mm of capillary length. Thus the correction 

D 

V can be included in determining the "effective" length h of the un- 

filled closed capillary. The difference in capillary depression of the 

D C 

two columns of mercury is usually determined as a function of capillary 

position at a pressure below the low pressure limit of the gauge. This 

5 



procedure, however, will not yield accurate values of Ah because it 

has been shown that capillary depression in small bore tubes varies 

in an unknown way in the presence of a gas phase, such as that exist- 

ing above the mercury in the closed end capillary . Because of the 

variation of capillary depression with gas pressure above the mercury, 

5 

the technique of eliminating the comparison capillary tube and using a 

large bore tube together with capillary depression measurements to de- 

termine the final pressure of the compressed gas can provide only a 

limited improvement . In a McLeod gauge, the difference in capillary 

depression of the two capillaries Ah depends in part on such variables 

as the cieaniiness of the giass surface, the presence of surface ir- 

regularities, the manner in which the mercury is raised to its final 

position, and the presence of mechanical vibration. About all that 

can be done at present is to include the term Gh in the theoretical 

equation and make some estimate of its value as required. 

6 

From the foregoing discussion, it is apparent that equation (1) 

may be simplified to the equation 

* P 0 - h (h +Ah) V c d  

when pressures below lo -*  mm Hg are being measured in a continuous flow 

system. The term hc is the effective length of the unfilled portion of 

the closed end capillary, corrected for the changes in volume caused by 

the curved surface of the mercury and the distortion of the capillary 

bore. 

6 



When a multiple compression McLeod gauge is used to gather many 

samples of the gas being measured, the effectib? volume V in equations 

(1) and (2) is increased. Equation (1) becomes: 

P [V + (n-1) VI] = (P + hd + Gh) (uhb + VD) ( 3 )  

where the symbols have the same meaning as before, with the understand- 

ing that V represents the volume of the compression bulb, closed capil- 

lary, and any volume associated with the gas storage value. The term 

VI represents the volume of the compression bulb below the gas storage 

value in cm . Similarly, for multiple compression, equation (2) 

becomes 

3 

uhc(hd + 
= Knhc (hd + Ah) v + (n - 1) V’ P =  ( 4 )  

where K is the gauge constant for n compressions. For some methods of 

storing gas in the closed capillary, the volumes V and V‘ are identical 

within less than 0.1 per cent, and the gauge constant simplifies to 

n 

K = U/nV’ (5) n 

7 



111. METHODS OF STORING GAS 

A. SYSTEM AND EQUIPMENT 

The t r an fo rma t ion  of mul t ip l e  compression McLeod gauge theo ry  

i n t o  p r a c t i c e  r equ i r ed  t h a t  c e r t a i n  techniques and dev ices  be developed 

t o  p e r m i t  s t o r a g e  of t h e  gas being measured a f t e r  each compression c y c l e  

I n  o rde r  t o  develop and tes t  d i f f e r e n t  methods of gas s t o r a g e ,  i t  was 

decided t o  b u i l d  a separate vacuum system which would accommodate v a r i -  

ous McLeod gauges. A photograph of t h i s  system i s  shown i n  F igu re  1. 

A c lose -up  view of t h e  McLeod gauges used i s  presented i n  F igu re  2 .  

The d i f f u s i o n  pump t h a t  was used w i t h  t h i s  system was a Ley- 

bo ld  model Hg 3 mercury d i f f u s i o n  pump having a nominal pumping speed 

of 3 l i t e r s / s e c  and a r a t e d  u l t ima te  p r e s s u r e  b e t t e r  t han  10 t o r r .  

T h i s  pump w a s  backed up wi th  a Welch model 1402B 140 l i t e r / m i n  vented-  

exhaust  type mechanical pump. 

t h e  mechanical pump and t h e  d i f f u s i o n  pump t o  minimize t h e  flow of o i l  

vapor from the  mechanical pump i n t o  t h e  rest of t h e  system. 

-6  

A d r y  i c e  cold t r a p  was placed between 

The McLeod gauges t o  be t e s t e d  were connected t o  a two f o o t  

l e n g t h  of g l a s s  tubing having a d i a m e t e r  of about 4 cm. This  t ub ing  

se rved  as t h e  high vacuum manifold. It was sea l ed  o f f  a t  one end and 

connected through a 20 mm bo re  high vacuum stopcock t o  t h e  d i f f u s i o n  

pump through two cold t raps  i n  s e r i e s .  A s  can be seen from t h e  photo- 

g raph ,  an  i o n i z a t i o n  gauge (Veeco Model RG-75P) and a g l a s s  envelope 

8 
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Figure 2. Close-up photograph of the experimental McLeod Gauges. 
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thermocouple gauge (Hast ings Raydist model DV-17)  were connected t o  t h e  

g l a s s  tub ing  t h a t  jo ined  t h e  two cold  t r a p s .  This  arrangement permittrzcl 

t h e  p re s su re  I;i t h e  system t o  be monitored cont inuous ly .  

The McLeod gauge t h a t  w a s  used t o  develop t h e  magnetic sphere  

mercury va lve  arrangement was a Greiner S c i e n t i f i c  Company model G10701B 

g,nige, having a l i s t e d  p re s su re  range of .005 t o  0 . 2  mm Hg. This  gauge 

i s  seen on t h e  l e f t  i n  t h e  photograph. Notice t h a t  i t  uses  metal needle  

va lves  t o  c o n t r o l  t he  flow of a i r  i n t o  and out  of t h e  mercury r e s e r v o i r .  

The use of iiietal needle  va lves  t o  c o n t r o l  t h e  movement of mercury i n  t h e  

v eauge by  c o n t r o l l i n g  the pressure of a i r  i n  t h e  r e s e r v o i r  i s  a marked 

improvement over t h e  use of ordinary s topcocks f o r  t h i s  purpose.  A l l  

of t h e  McLeod gauges which have been used t o  d a t e  have been equipped 

w i t h  Hoke model DR297 b r a s s  needle va lves  t o  c o n t r o l  t h e  mercury move- 

ment. 

The two McLeod gauges t h a t  were modified t o  t e s t  t h e  f e a s i b i l i t y  

of u s ing  a f l o a t  va lve  and an electromagnet ic  va lve  f o r  s t o r i n g  gas  

samples were S c i e n t i f i c  Glass Apparatus Company model JV-2970 gauges.  

Tlicse p a r t i c u l a r  gauges were se l ec t ed  because of t h e i r  r e l a t i v e l y  s imple 

c o n s t r u c t i o n  and low c o s t .  Four of t h e  needle  va lues  mentioned above 

were mounted toge the r  on a panel as shown i n  t h e  photographs and were 

used t o  c o n t r o l  t h e  mercury movement of t h e s e  gauges.  

A s m a l l  separate mechanical pump (Welch model 1400B) w i t h  a f r e e  

a i r  c a p a c i t y  of 2 1  l i t e r s / m i n  was used t o  f u r n i s h  t h e  vacuum requ i r ed  



t o  lower t h e  mercury i n  t h e  McLeod gauge. Atmospheric a i r  t h a t  was 

used t o  ra ise  t h e  mercury w a s  drawn from t h e  l a b o r a t o r y  through a g l a s s  

wool f i l t e r  and an  i n d i c a t i n g  des iccant  ( D r i e r i t e ,  s o l d  by F i s h e r  Sc ien-  

t i f i c  Company). The h igh  vacuum manifold and exper imenta l  McLeod gauges 

could be vented t o  a tmospheric  a i r  v i a  a s topcock,  a f r i t t e d  g l a s s  f i l t e r ,  

and i n d i c a t i n g  d e s i c c a n t .  To con t ro l  t h e  p re s su re  i n  t h e  system, atmos- 

p h e r i c  a i r  w a s  leaked i n t o  t h e  high vacuum s i d e  of t h e  d i f f u s i o n  pump by 

means of a Hoke model 1197 meta l  valve.  

B. FLOAT VALVE 

The f i r s t  device  t h a t  w a s  developed and used f o r  t h e  purpose of 

s t o r i n g  gas  i n  a McLeod gauge w a s  the f l o a t  va lve .  A s imple form of  

such a valve has  been i n s t a l l e d  i n  t h e  c e n t e r  gauge shown i n  t h e  photo-  

graphs  of  F igu res  1 and 2. Th i s  valve i s  shown i n  d e t a i l  i n  F igu re  3 .  

The c l o s e - f i t t i n g  p o r t i o n  of t h e  valve c o n s i s t s  of a ground b a l l  and 

socke t  t h a t  have been lapped toge ther .  The socke t ,  which connects  t o  

t h e  upper p a r t  of t h e  compression b u l b ,  i s  made of Pyrex. The b a l l  

p o r t i o n  may be  made of  g l a s s  o r  metal .  The f l o a t  i s  g iven  s u f f i c i e n t  

weight  t o  seal  p rope r ly  by f i l l i n g  it w i t h  mercury. An i r o n  co re  can 

be  inc luded  w i t h i n  t h e  f l o a t  s o  tha t  i t  can be moved w i t h  t h e  a i d  of  

an  e x t e r n a l  magnet. O f  course ,  the mercury and i r o n  must be  sea l ed  

vacuum t i g h t  w i t h i n  t h e  f l o a t .  It should be  noted t h a t  i t  i s  n o t  a c t u -  

a l l y  t h e  c loseness  of t he  b a l l  and socket  mating s u r f a c e s  t h a t  form t h e  

gas  s t o r a g e  sea l ,  b u t  r a t h e r  t h e  small amount of l i q u i d  mercury t h a t  i s  
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t rapped above t h e  mating s u r f a c e s  of t h e  b a l l  and socket  j o i n t .  The 

amount of mercury so t rapped depends on t h e  weight and displacement of 

t h e  f l o a t .  The heav ie r  t he  f l o a t  valve and t h e  smaller i t s  d i s p l a c e -  

ment (volume submerged i n  the mercury), t h e  more mercury w i l l  be t r a p . .  

ped above t h e  b a i i  and socket  joint. The iiigiiei. t h e  column of mercu ry  

i s o l a t e d  ir? the valve,  the g r e a t e r  t h e  amount of gas t h a t  can be s t o r e d  

above t h e  va lve .  

The f l o a t  va lve  t h ? t  w a s  constructed f o r  experimental  purposes was 

made e n t i r e l y  of pyrex g l a s s .  The va lve  w a s  made by modifying a com- 

m e r c i a l l y  a v a i l a b l e  f l o a t  valve (Eck and Krebs type 4013 f l o a t  v a l v e ) .  

The mod i f i ca t ion  cons i s t ed  of removing t h e  t o p  h a l f  of both t h e  

f l o a t  chamber and t h e  f l o a t .  The upper p a r t  of t h e  f l o a t  chamber con- 

t a i n e d  a l e a d - i n  w i r e  and an  inner  guide o r  b e a r i n g  s u r f a c e  f o r  t h e  0 . 5  

inch diameter f l o a t  t ub ing .  The upper p a r t  of t h e  chamber w a s  r ep laced  

wi th  a p i ece  of p l a i n ,  c y l i n d r i c a l  pyrex tubing approximately 1 inch  i n  

d i ame te r .  The upper p a r t  of t h e  f l o a t ,  which had been about 0 . 5  inch  

i n  d i ame te r ,  w a s  r ep laced  w i t h  a p l a i n  c y l i n d r i c a l  pyrex tub ing  about 

0 .75 inch  i n  diameter so  t h a t  it could be h e a v i l y  weighted w i t h  mercury. 

A s h o r t  l e n g t h  of 0 .5  inch  magnetic Kovar tub ing  w a s  a l s r ,  placed w i t h i n  

t h e  f l o a t  t ub ing  b e f o r e  i t s  top  end w a s  s ea l ed  vacuum t i g h t .  The ove r -  

a l l  l e n g t h  of t h e  f l o a t  was about 2.5 inches while  t h e  o v e r a l l  l e n g t h  

of t h e  f l o a t  chamber w a s  about 3 . 0  inches.  
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I n  o p e r a t i o n ,  i t  was found t h a t  a column of mercury approximately 

20 mm high 'as t rapped above t h e  ground, mating s u r f a c e s  of t h e  v a l v e .  

This  column he igh t  could be increased o r  decreased by p l a c i n g  more o r  

less mercury w i t h i n  t h e  f l o a t .  It was n o t i c e d  t h a t  when t h e  mercury 

was ral.sed i n  t h e  experimental  gauge t h a t  contained t h e  v a l v e  desc r ibed  

above, t h e  f l o a t  p o r t i o n  of t h e  valve would no t  r i s e  u n t i l  t h e  mercury 

l e v e l  i n  t h e  gauge t u b u l a t i o n  ( leading t o  t h e  vacuum system) w a s  w e l l  

above the  p o s i t i o n  of t h e  va lve  s e a t .  Hence, when t h e  f l o a t  f i n a l l y  

d i d  move upwards from i t s  c losed  p o s i t i o n ,  i t  moved r a t h e r  r a p i d l y  u n t i l  

it w a s  stopped by t h e  upper p a r t  of t h e  f l o a t  chamber. Th i s  sudden open- 

ing a c t i o n  c o n s t i t u t e d  a mechanical shock t o  t h e  e n t i r e  gauge. I n  ad-  

d i t i o n ,  t h e  sudden opening was usua l ly  accompanied by a tu rbu lence  and 

j e t t i n g  of mercury w i t h i n  t h e  f l o a t  chamber. I f  g r e a t  c a r e  w a s  t aken  

i n  r a i s i n g  t h e  mercury l e v e l ,  t h e  turbulence and shock w a s  minimized. 

I f  t h e  mercury l e v e l  i s  lowered r a p i d l y ,  t h e  f l o a t  w i l l  s t r i k e  t h e  

bottom of t h e  f l o a t  chamber w i t h  cons ide rab le  momentum, a g a i n  impart ing 

a mechanical shock t o  t h e  e n t i r e  gauge. The l a r g e  mechanical shock i s  

p r i m a r i l y  a r e s u l t  of t h e  g r e a t  weight of t h e  f l o a t .  

The f l o a t  va lve  does e f f e c t i v e l y  i s o l a t e  t he  compressed gas t h a t  

i s  b e i n g  measured and s t o r e s  i t  wi th in  t h e  f l o a t  chamber and t h e  c losed  

end c a p i l l a r y .  However, i n  t he  process of combining gas samples ,  t h e  

presence of t u rbu lence  and j e t t i n g  of t h e  mercury du r ing  t h e  va lve  open- 

ing  makes i t  p o s s i b l e  t o  i s o l a t e  and t r a p  small q u a n t i t i e s  of gas be-  

tween t h e  mercury and t h e  g l a s s  walls of t h e  f l o a t  and f l o a t  chamber. 
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The gas so t rapped w i l l  be l o s t  from t h e  gas  s a m p l e s ,  and t h e  p r e s s u r e  

r ead ings  of t h e  gauge w i l l  be erroneously low. 

From t h e  foregoing d i s c u s s i o n ,  i t  i s  c l e a r  t h a t  a f l o a t  va lve  

method of s t o r i n g  gas i n  a McLeod gauge has  a number of disadvantages.  

One of t h e  disadvantages t h a t  has not been mentioned thus  f a r  i s  t h e  

need t o  b u i l d  a s p e c i a l  gauge which c o n t a i n s  t h e  f i o a t  va lve .  i n  ad-  

d i t i o n ,  t h e  gauge must be c a l i b r a t e d  v o l u m e t r i c a l l y  w i t h  t h e  va lve  i n  

p o s i t i o n .  For t h i s  purpose,  i t  is  almost e s s e n t i a l  t h a t  t h e r e  be mag- 

n e t i c  material  p re sen t  i n  t h e  f l o a t  va lve  so  t h a t  t h e  f l o a t  may be moved 

e x t e r n a l l y .  The p r i n c i p a l  advantage of a p rope r ly  a d j u s t e d  f l o a t  va lve  

i s  t h a t  i s  i s  automatic i n  ope ra t ion ,  t h a t  i s ,  i t  i s  se l f -open ing  and 

s e l f - c l o s i n g  w i t h  t h e  r ise and f a l l  of t h e  mercury. 

C. MERCURY FREEZING TECHNIQUE 

A second r a t h e r  obvious method of s t o r i n g  gas i n  t h e  c losed  

end c a p i l l a r y  of a McLeod gauge i s  t o  f::-.ze a small q u a n t i t y  of t h e  

mercury which i s  used t o  f o r c e  the compressed gas i n t o  t h e  c a p i l l a r y .  

The f r e e z i n g  p o i n t  of mercury i s  -38.9 C so t h a t  t h i s  temperature  can 

be reached q u i t e  convenient ly  wi th  d r y  i c e .  

0 

As shown i n  F igu re  4 ,  t he  experimental  arrangement f o r  t h e  

f r o z e n  mercury s t o r a g e  va lve  i s  very s i m p l e .  

of s u i t a b l e  geometry can be f i t t e d  w i t h  a small cardboard o r  p l a s t i c  

c o n t a i n e r  l oca t ed  near  t h e  base of t h e  c losed  c a p i l l a r y .  A few t u r n s  

of nichrome w i r e  enclosed i n  e l e c t r i c a l l y  i n s u l a t i n g  tub ing  are placed 

An o r d i n a r y  McLeod gauge 
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around t h e  g l a s s  c a p i l l a r y  tube and a r e  connected t o  a v a r i a c .  I n  our 

experiments,  powdered d ry  i c e  was used t’o cool t h e  c a p i l l a r y  and f r e e z e  

t h e  mercury. 

When i t  i s  clcsired t o  make mul t ip l e  compression measurements, t h e  

base of t h e  c losed  end c a p i l l a r y  i s  f i r s t  cooled down w i t h  d ry  i c e .  The 

gas saiilple i s  then comlpr~aaed  i-il t h s  norma? manner and t h e  t c p  cf t h e  

mercury volumn i n  t h e  closed end c a p i l l a r y  i s  brought t o  t h e  same l e v e l  

a s  t h e  top  of t h e  d ry  i c e .  Af t e r  a f e w  minutes t h e  mercury th read  w i l l  

f r e e z e  and t h e  mercury l e v e l  can be lowered i n  o r d e r  t o  o b t a i n  a second 

sample. I n  o rde r  t o  combine samples, i t  i s  necessa ry  t o  w a r m  up t h e  

f rozen  p e l l e t  of mercury v i a  t h e  Leating c o i l .  When t h e  mercury i s  

molten,  i t  w i l l  drop down i n t o  t h e  main body of l i q u i d  mercury which has  

been p o s i t i o n e d  a few c m  below t h e  base of t h e  c losed  c a p i l l a r y .  The 

two gas  samples are now combined above t h e  s u r f a c e  of t h e  mercury. To 

con t inue  t h e  p rocess ,  the base of the c losed  c a p i l l a r y  i s  cooled a g a i n  

by repacking i t  w i t h  d r y  i c e  and the c y c l e  i s  r e p e a t e d .  

The method desc r ibed  above could p o s s i b l y  be r e f i n e d  by using r e -  

f r i g e r a t i o n  equipment, t he rmoe lec t r i c  coo l ing ,  e t c .  t o  r e p l a c e  t h e  use 

of a r e f r i g e r a n t  such a s  d ry  i c e .  The va lue  of doing t h i s  i s  q u e s t i o n -  

a b l e ,  however, s i n c e  t h e  gene ra l  method has two s e r i o u s  inhe ren t  d i s -  

advantages.  The f i r s t  of the disadvantages i s  t h e  r e l a t i v e l y  long time 

r e q u i r e d  t o  f r e e z e  and m e l t  t h e  mercury t o  o b t a i n  va lv ing  a c t i o n ;  t h e  

second, more s e r i o u s  disadvantage i s  t h e  l i k l i h o o d  t h a t  t h e  r epea ted  

h e a t i n g  and coo l ing  of t h e  g l a s s  c a p i l l a r y  w i l l  induce s t r a i n s  i n  t h e  
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g l a s s .  On previous occas ions ,  g l a s s  cap i l la r ies  have been e a s i l y  broken 

a f t e r  r epea ted  h e a t i n g  and coo l ing  a s  desc r ibed  above. 

The method of f r e e z i n g  mercury i n  t h e  c a p i l l a r i e s  has a number of 

advantages:  There i s  no need t o  modify t h e  c o n s t r u c t i o n  of a convent ion-  

a l  gauge. Even more important ,  t he re  i s  no need t o  admit any f o r e i g n  

to tqne gauge interior. yeveri*+iess , - 2 . -  ^ C  L l l t :  L L u z e l l  1 l l r : L c U L y  *LULCl&C 

va lve  cannot be recommended f o r  use on g l a s s  McLeod gauges because of 

t he  danger of breakage. For c e r t a i n  type  of r e s e a r c h ,  however, where 

t h e  coo l ing -hea t ing  c y c l e  i s  repeated only once o r  tw ice ,  t h i s  t e c h n i -  

que can be ve ry  u s e f u l .  

D. nECTROMAGNETIC MERCURY VALVE 

The t h i r d  method of s t o r i n g  gas  t h a t  w a s  experimented w i t h  w a s  

a r e l a t i v e l y  new one, t h a t  of moving and holding t h e  mercury i n  p o s i t i o n  

by e l ec t romagne t i c  f o r c e s .  A s  can be seen from t h e  drawing of F igu re  5 

t h e  photographs of F igu res  1 and 2 ,  t h e  use of such a va lve  r e -  

q u i r e s  a mod i f i ca t ion  of t he  McLeod gauge. 

E s s e n t i a l l y ,  t he  electromagnet ic  s t o r a g e  va lve  c o n s i s t s  of two, 

long,  pa ra l l e l  c u r r e n t  e l e c t r o d e s  placed along t h e  narrow edges of a 

r e c t a n g u l a r - s h i p e d  g l a s s  tube.  A magnetic f i e l d  i s  then  c r e a t e d  normal 

t o  t h e  plane de f ined  by t h e  cu r ren t  e l e c t r o d e s .  When mercury i s  moved 

up’.. nrds i n t o  t h e  r eg ion  between the e l e c t r o d e s  , a r e l a t i v e l y  s t r o n g  

c u r r e n t  can be passed through t h e  mercury from one e l e c t r o d e  t o  t h e  

o t h e r  v i a  an e x t e r n a l  power supply.  I n  our experimental  work, an 

19 



O I C A 7 6  - I A  

m 

m 
-1 
3 

z 
0 - 
cn 
v) 
W 
a 
CL 
I 
0 
0 

0) 
k 
7 
M 

20 



E l e c t r o  model D612-T f i l t e r e d  D . C .  power supply w a s  used.  This  u n i t  

fu rn i shed  up t o  10 amperes of c u r r e n t .  Since the  s i t u a t i o n  i s  t h a t  o f a  

conductor c a r r y i n g  c u r r e n t  i n  a t r ansve r se  magnetic f i e l d ,  t h e r e  w i l l  

be a f o r c e  a c t i n g  t o  move t h e  mercury e i t h e r  upwards o r  downwards p e r -  

pend icu la r  t o  bo th  t h e  d i r e c t i o n  of c u r r e n t  flow and t h e  d i r e c t i o n  of 

t h e  magnetic f i e l d .  

Experimentation w i t h  t h e  electromagnet ic  va lve  shown i n  F igu re  5 

showed a t  oace t h a t  t h e  electromagnet ic  f o r c e s  developed were s u f f i c i e n t  

t o  ra ise  o r  depress  t h e  mercury by a s  much a s  2 cm. Th i s  appeared t o  

be a s i z e a b l e  f o r c e ,  and i t  w a s  bel ieved t h a t  t h e r e  would be no d i f f i -  

c u l t y  i n  holding mercury between the eJectrodes as t h e  gene ra l  l e v e l  of 

t h e  mercury w a s  lowered. Unfortunately,  t h i s  b e l i e f  w a s  an  i l l u s i o n !  

It soon became ve ry  c l e a r  t h a t  t h e  t e n s i l e  s t r e n g t h  of t h e  c l e a n  mercury 

i n  t h e  vacuum atmosphere of t he  gauge was s o  much g r e a t e r  t han  t h e  e l e c t r o -  

rnagnt:tI.: f o r c e s  t h a t  i t  w a s  impossible t o  r u p t u r e  t h e  mercury and r e t a i n  

a l a y e r  of mercury between t h e  e l e c t r o d e s ,  as d e s i r e d .  

I n  an  at tempt  t o  i n c r e a s e  t h e  p o s s i b i l i t y  of r u p t u r i n g  t h e  mercury 

f i l m  a t  a po in t  j u s t  below t h e  bottom ends of t h e  c u r r e n t  e l e c t r o d e s ,  

t h e  mercury va lve  w a s  f i r s t  modified by p l a c i n g  a ve ry  narrow (about 

.005" wide) s l i t - l i k e  c o n s t r i c t i o n  i n  t h e  rectangular-shaped tube a t  

t h i s  l o c a t i o n .  The p o s i t i o n  of t h i s  c o n s t r i c t i o n  i s  i n d i c a t e d  i n  Figure 

5 .  The modified va lve  showed no improvement over t h e  o r i g i n a l  des ign .  

Out of c u r i o s i t y ,  i t  was decided t o  t r y  a second mod i f i ca t ion  i n  which 

t h e  narrow s l i t - l i k e  c o n s t r i c t i o n  was r ep laced  by a ve ry  small  diameter 
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t u b u l a r  c o n s t r i c t i o n .  Again, t he re  w a s  no change i n  the  behavior  of 

t h e  v a l v e :  The mercury could be r a i sed  o r  lowered by the  e l ec t romagne t i c  

f o r c e s ,  b u t  i t  could no t  be ruptured.  

During t h e  c' -L.se of t h e  experiments,  one of t h e  disadvantages of 

"..,l. a .*-l .--  L,.,-,, . T .  ,?i..-.t nub,, v a A v c  ucc.auic v ' . <  citt-. If vss n o t  t ' a k e ~  dur ing  t h e  a p p l l -  

c a t i o n  of c u r r e n t  t o  t h e  va lve  e l e c t r o d e s ,  i t  was p o s s i b l e  t o  c r e a t e  a 

cons ide rab le  spa rk  o r  a r c  between the mercury and t h e  e l e c t r o d e s  a t  t h e  

moment t h a t  t h e  s u r f a c e  of t h e  mercury j u s t  approached o r  receded from 

t h e  bottom ends of t h e  c u r r e n t  e l e c t r o d e s .  

Such a-::L-,g appeared t o  coa t  t h e  e l e c t r o d e s  and g l a s s  w a l l s  w i t h  

an  oxide f i l m  and undoubtedly caused ou tgass ing  of t h e  e l e c t r o d e s .  

Sparking and a r c i n g  between mercury and e l e c t r o d e s  must b e  prevented 

under a l l  c o n d i t i o n s .  

An e lec t romagne t i c  type of mercury va lve  such as t h a t  desc r ibed  

above would have t h e  advantage of having no moving p a r t s .  I n  a d d i t i o n ,  

t h e  f o r c e s  t h a t  a c t  on t h e  mercury column are a d j u s t a b l e  i n  magnitude 

and d i r e c t i o n .  The magnitude o f  the e l ec t romagne t i c  f o r c e  can be ex-  

pressr 'd i n  terms of t h e  w e l l  known equa t ion  F(dynes) = B(gauss) x 

~ ( c m )  x I(abamperes).  The d i r e c t i o n  of t h e  f o r c e  F i s  t h a t  of t h e  

v e c t o r  product I x B .  I n  t h e  case of  t h e  e l ec t romagne t i c  va lve  t h a t  

w a s  c o n s t r u c t e d  f o r  experimental  purposes, a magnetic f i e l d  of about 

3000 gauss w a s  used. The r ec t angu la r  f i l m  of mercury between t h e  c u r r e n t  

e l e c t r o d e s  was approximately 0 . 5  cm long ,  3 .0  cm wide, and 0 .15  cm 

t h i c k .  For a c u r r e n t  of 10 amperes ( 1  abampere) passing through such a 
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f i l m ,  t h e  e l ec t romagne t i c  f o r c e  would be 1,500 dynes.  I f  w e  assume t h a t  

t h i s  f o r c e  a c t s  over t h e  e n t i r e  v e r t i c a l ,  c r o s s  s e c t i o n a l  a r e a  of t h e  

r e c t a n g u l a r  mercury f i l m ,  t h e  upward o r  downward p res su re  e x e r t e d  i s  

1,500 dynes/0.075cm2 = 2.0 x 10 This  i s  a p r e s s u r e  of 15 mm 

of mercury. By varying che magnitude and p o i a r i t y  of  the c u r r e n t ,  it is 

easy  to control the height of t h e  mercury column i n  a cont inuous f a sh ion .  

4 2 dynes/cm . 

Summing up t h e  r e s u l t s  of experimentat ion w i t h  t h e  e l ec t romagne t i c  

v a l v e ,  it can be s a i d  t h a t  t h e  valve d i d  no tope ra t e  as d e s i r e d .  Although 

t h e  f o r c e  developed could support  a column of mercury about 15 mm long,  

i t  w a s  n o t  p o s s i b l e  t o  s e p a r a t e  a sho r t  segment of mercury of t h i s  l e n g t h  

from t h e  main body of t h e  l i q u i d .  Some a d d i t i o n a l  technique i s  necessa ry  

t o  pinch-off  o r  r u p t u r e  t h e  mercury column. This  zould probably be a c -  

romrl * ~ ; ’ % ~ 1 - l  by iieating t h e  mdrcliry s t rong ly  a t  7 s3plere t h e  column 

i s  c o n s t r i c t e d .  However, s t r o n g  loca l i zed  h e a t i n g  can s t r a i n  t h e  g l a s s  

and l e a d  t o  even tua l  mechanical f a i l u r e .  I n  77’ C t h e  g e n e r a l  com- 

p l e x i t y  of t h i s  method of g a s  s torage and t h e  a v a i l a b i l i t y  of a much 

s impler  method ( t o  be descr ibed nex t ) ,  i t  w a s  decided n o t  t o  pursue t h i s  

development. 

b 

E.  MAGNETIC SPHERE VALVE 

The f o u r t h  and l a s t  method of s t o r i n g  gas i n  a McLeod gauge 

makes use of magnetic f o r c e s .  I n  t h i s  s o - c a l l e d  magnetic sphere method, 

s t o r a g e  i s  accomplished by e f f e c t i v e l y  s e a l i n g - o f f  t he  bottom open end 
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of  t h e  c losed  end c a p i l l a r y  wi th  a small  sphere  of magnetic mater ia l .  

A s  can be seen  from the  drawing of F igure  6 ,  t h e  method i s  extremely 

s imple.  A small sphere having a diameter t h a t  i s  somewhat g r e a t e r  t han  

t h e  diameter  of t h e  ~ * : i ~ i l l a r y  is placed w i t h i n  t h e  compression bulb .  

The sphere i s  normally he ld  i n  pos i t i on  on t h e  inner  w a l l  of t he  com- 

p res s ion  bu lb  a t  a po in t  near  t h e  en t rance  of t h e  c losed  end c a p i l l a r y .  

A s m a l l  permanent magnet o r  an electromagnet  can be used t o  hold t h e  

magnetic sphere  i n  p o s i t i o n .  I f ,  now, t h e  e x t e r n a l  magnet i s  moved up- 

wards t o  t h e  p o s i t i o n  shown i n  t h e  i l l u s t r a t i o n ,  t h e  small sphere can 

be  lodged t i g h t l y  i n  t h e  tapered  por t ion  of g l a s s  t h a t  l eads  t o  t h e  cy-  

l i n d r i c a l  c a p i l l a r y  bo re .  When the magnetic f i e l d  i s  s u f f i c i e n t l y  

s t r o n g  and t h e  taper  of t h e  g l a s s  is s u ’ . f i c i e n t l y  uniform, such a sphere  

can suppor t  a column of mercury tha t  may be 80 t o  100 mm i n  l eng th .  In 

ord ina ry  useage,  t h e  sphere supports a column of mercury t h a t  may va ry  

from 10 t o  40 mm i n  l eng th .  As has been mentioned e a r l i e r ,  i t  i s  t h e  

column of mercury which the  sphere suppor ts  t h a t  a c t u a l l y  s e a l s  o f f  t h e  

base of  t h e  c a p i l l a r y  and keeps the gas  sample s t o r e d  above t h i s  mercury 

column i s o l a t e d  from t h e  r e s t  o f  the gauge. 

It i s  immediately ev ident  t h a t  t h e  magnetic sphere  method of gas  

s t o r a g e  r e q u i r e s  no modi f ica t ion*of  t h e  McLeod gauge. 

des igns  of McLeod gaugc were f i t t e d  w i t h  t h e  magnetic sphere wi th  no 

d i f f i c u l t y .  Genera l ly ,  t he  sphere i s  introduced i n t o  the  gauge v i a  i t s  

t u b u l a t i o n  t o  t h e  vacuum sys tem.  External  magnets are used t o  guide t h e  

sphere  i n t o  t h e  compression bulb .  I n  some cases  where t h e  compression 

Three d i f f e r e n t  
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bu lb  can o n l y - b e  en te red  via  small diameter tubing t h a t  i s  r i n g  s e a l e d  

t o  t h e  main tub ing ,  it has been necessary t o  use t h e  gauge mercury t o  

h e l p  i n s t a l l  t h e  magnetic sphere.  

There are a number of m a t e r i a l s  from which t h e  s m a l l  sphere can be 

made. Chrome a l l o y  and type 440 s t a i n l e s s  s t e e l  b a l l s  have been used 

s u c c e s s f u l l y ,  Other materials such as pure n i c k e l ,  kovar,  and pure i r o n  

would a l s o  be s u i t a b l e .  

been used t o  d a t e .  

Spheres of t h e  o r d e r  of 3 /32"  diameter have 

I f  a permanent magnet i s  used o u t s i d e  t h e  gauge t o  2Lic-'2 ' . 2 r 7 p e 2 j :  

sphe re ,  t h e  magnet i s  most convenient ly  mounted on some s o r t  of p i v o t  

arm so t h a t  i t  can be moved quickly and r ep roduc ib ly  between i t s  two 

f i x e d  p o s i t i o n s .  The magnet may be mo.ved manually o r  i t  may be moved 

e l e c t r i c a l l y  w i t h  t h e  a i d  of an electromagnet ic  so l eno id .  

A second method of moving t h e  magnetic sphere i s  t o  use a combina- 

t i o n  permanent magnet-electromagnet assembly i n  which t h e r e  i s  no phys i -  

c a l  movement of t h e  assembly. I n  t h i s  arrangement, t h e  permanent magnet 

i s  used t o  keep t h e  sphere i n  t h e  ''up'' o r  "closed" p o s i t i o n  of t h e  v a l v e ,  

When t h e  electromagnet  i s  energized,  t h e  sphere i s  pu l l ed  downward t o  

open t h e  va lve .  I f  t h e  va lve  i s  t o  be kep t  open f o r  any l e n g t h  of t i m e ,  

a second permanent magnet i s  used i n  p l a c e  of t h e  electromagr'et t o  keep 

t h e  magnet.ic sphere i n  i t s  lower,  open p o s i t i o n .  

The magnetic sphere mercury valve o p e r a t e s  i n  t h e  fol lowing way: 

The f i r s t  sample of gas i s  admitted t o  t h e  McLeod gauge and t h e  mercury 

l e v e l  i s  r a i s e d .  With t h e  va lve  sphere i n  the  "down" o r  "open" p o s i t i o n ,  
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t h e  gas  sample i s  compressed and forced i n t o  t h e  c losed  end c a p i l l a r y .  

When t h e  mercury s u r f a c e  i n  t h e  closed c a p i l l a r y  has  reached a p o s i t i o n  

t h a t  i s  10 t o  40 mm above t h e  base  of t h e  c a p i l l a r y ,  t he  magnetic sphere  

i s  moved t o  t h e  "up" o r  "closed" pos i t  11. T;1 8 :Icitural bi!oyancy of  t h e  

sphere  i n  t h e  presence of t h e  heavy l i q u i d  mercury a i d s  i n  t h i s  upward 

movement. A t  t h i s  p o i n t ,  t h e  mercury i s  lowered and w i l l  b reak  away 

from benea th  t h e  magnetic sphere ,  l eav ing  an i s o l a t e d  column of mercury 

above t h e  sphere .  The f i r s t  sample of  gas  i s  now s t o r e d  i n  t h e  c losed  

end c a p i l l a r y .  The mercury i s  lowered below t h e  compression bulb  c u t -  

o f f  level  and a second sample of  gas i s  permi t ted  t o  e n t e r  t h e  com- 

p r e s s i o n  bulb  of t h e  gauge and come t o  equ i l ib r ium.  The mercury leve l  

i n  t h e  gauge i s  r a i s e d  aga in  t o  compress t h e  second gas  sample. When 

t h e  mercury level reaches  a pos i t i on  j u s t  below ti-e magnetic sphere ,  

t h e  sphere  i s  qu ick ly  lowered t o  i t s  open p o s i t i o n ,  a l lowing  t h e  p r e -  

v i o u s l y  i s o l a t e d  column of  mercury above t h e  sphere t o  f a l l  ou t  of t h e  

c a p i l l a r y  i n t o  t h e  main body of mercury. I n  t h i s  way, t h e  two samples 

of  g a s  are combined. The mercury i s  now r a i s e d  (wi th  t h e  va lve  sphere  

s t i l l  open) u n t i l  t h e  mercury sur face  i n  t h e  c losed  c a p i l l a r y  has  

a g a i n  reached a p o s i t i o n  t h a t  i s  10 t o  40 mm above t h e  base  of t h e  

c a p i l l a r y .  The magnetic s p h e r e i s  moved t o  t h e  ''up'' o r  "closed" po- 

s i t i o n .  The mercury i s  then  lowered a g a i n  so t h a t  i t  breaks  away from 

benea th  t h e  magnetic sphere ,  leaving t h e  combined f i r s t  and second gas  

samples s t o r e d  i n  t h e  c losed  c a p l l l a r y .  Th i s  process  i s  r epea ted  as 

many times as d e s i r e d .  McLeod gauge readings  may be  taken  as each  new 

sample i s  added t o  t h e  combined sample i n  t h e  c losed  end c a p i l l a r y ,  
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The magnetic sphere  mercury valve arrangement has  many advantages 

and few disadvantages a s  a method for  s t o r i n g  gas  i n  a m u l t i p l e  com- 

p res s ion  McLeod gauge. One of t h e  most va luab le  f e a t u r e s  of t h i s  method 

i s  t h e  absence of any need t o  modify t h e  convent iona l  McLeod gauge. Any 

McLeod gauge can be transformed in to  a m u l t i p l e  compression instrument  

very  qu ick ly  and simply. And when a gauge has  been so t ransformed,  i t  

may s t i l l  be used t o  make s i n g l e  readings i n  t h e  normal f a sh ion .  The 

t i n y  magnetic sphere which i s  introduced i n t o  t h e  gauge has  a n e g l i g i b l e  

volume compared t o  t h e  compression bulb volume, and thus t h e  gauge c a l i -  

b r a t i o n  f a c t o r s  are e s s e n t i a l l y  unchanged. The small volume and s u r f a c e  

a r e a  of t h e  sphere a l s o  minimizes the outgass ing  which i t  can c o n t r i b u t e  

t o  t h e  i n t e r i o r  of t h e  gauge. The l i g h t  weight and s m a l l  s i z e  of t h e  

sphere  i n s u r e  a minimum of mechanical shock and mercury tu rbu lence .  With 

t h e  use of an electromagnet  ex te rna l  t o  the gauge, t h e r e  i s  no n e c e s s i t y  

f o r  moving p a r t s  o u t s i d e  of the  gauge. The gauge c a p i l l a r y  w i l l  be 

n e i t h e r  hea ted  nor cooled by t h i s  device.  There i s  no danger of s t r a i n -  

ing  t h e  g l a s s  w i t h  subsequent breakage. Nor i s  t h e r e  any danger of 

e l e c t r i c a l  a r c i n g  o r  sparking wi th in  t h e  gauge. 

The only  p r a c t i c a l  disadvantage of  t h e  magnetic sphere  va lve  i s  

t h a t  something must b e  p u t  i n s i d e  the gauge. Also the  va lve  a c t i o n  i s  

not  au tomat ic  i n  t h e  same way that  the  f l o a t  va lve  a c t i o n  i s  au tomat ic ,  

am: s o  some a d d i t i o n a l  mechanism i s  r equ i r ed  t o  open and c l o s e  t h e  va lve .  

F. COMPARISON OF STORAGE METHODS 

I n  o rde r  t o  sum up the  advantages and disadvantages of t h e  

d i f f e r e n t  methods of s t o r i n g  gas  i n  a mul t ip l e  compression McLeod gauge, 
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one can o rgan ize  t h e  p e r t  nent  information as shown i n  Table I. This  

t a b l e  l i s t s  t e n  important d e s i r a b l e  c h a r a c t e r i s t i c s  of a m u l t i p l e  com- 

p r e s s i o n  McLeod gauge gas s t o r a g e  device o r  techll;.c:lle. The c h a r a c t e r i s -  

t i c s  l i s t e d  a r e  no t  a l l  i n c l u s i v e ,  b u t  t hey  a r e  f e a t u r e s  which are c l e a r -  

L~c'llllq.ue8 J--- - _ _  - 2 3 --- iy present or .&sent in the four. gas storage & - - 2 - - - 2  U l l u r L  C u l l b l u r L  - 
I 

a t i o n .  

and t h e  g l a s s  w a l l  o r  va lve  mechanism has n o t  been included i n  t h e  Table 

because p r a c t i c a l l y  no d a t a  concerning t h i s  c h a r a c t e r i s t i c  i s  a v a i l a b l e .  

The ve ry  important matter of gas  t r app ing  between t h e  mercury 

I 
The mc;:cl:i:y f r e e z i n g  technique of gas s t o r a g e ,  however, should provide 

a minimum of gas t r a p p i n g  because t h e r e  i s  nothing placed w i t h i n  t h e  

gaug * . 

When t h e  r e l a t i v e  merits of the fou r  gas s t o r a g e  devices  desc r ibed  

abovt, a r e  compared, i t  becomes apparent t h a t  t h e  magnetic sphere mercury 

va lve  has  t h e  g r e a t e s t  number o f  advantages and t h e  f e w e s t  disadvantages.  

For t h i s  r eason ,  i t  w a s  decided t o  employ t h e  magnetic sphere a r r ange -  

ment w i t h  a commercially a v a i l a b l e  low p r e s s u r e  McLeod gauge and use 

t h i s  gauge t o  t e s t  t h e  use fu lness  of t he  m u l t i p l e  compression t echn ique .  
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TABLE I 

RELATIVE MERITS OF FOUR METHODS OF 

STORING GAS I N  A MULTIPLE COMPRESSION MCLEOD GAUGE 

Des i r ab le  F l o a t  F reez ing  E l e c t r o -  Magnet i c  
Character  i s  t i c s  Valve T e  c hn ique xagne t i c  Sphere 

Valve Valve 

No m a t e r i a l  placed 
w i t h i n  gauge 

No change i n  gauge 
c a l i b r a t i o n  

Rapid va lv ing  
a c t  i on  

No danger of 
mechanical shock 

No danger of 
thermal shock 

No s i g n i f i c a n t  
ou tgass ing  

No danger of 
e l e c t r i c  a r c i n g  

Inexpensive gauge 
a c c e s s o r i e s  

X 

x 

X 

X 

X 

X 

X 

Automatic o p e r a t i o n  
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I V .  LOW PRESSURE MULTIPLE COMPRESSION MCLEOD GAUGE SYSTEM 

I n  o rde r  t o  e v a l u a t e  t h e  i isefulness  of a m u l t i p l e  compression 

McLeod gauge, i t  was necessa ry  t o  constyuct  a complete low p r e s s u r e  

pumping system. Th i s  system i s  shown i n  t h e  photograph of  F igu re  7. 

B a s i c a l l y ,  t h e  vacuum system was an a l l  g l a s s ,  mercury d i f f u s i o n  

pump system. An H.  S .  Mart in  Company model M-40112 t h r e e  s t a g e  mercury- 

vapor d i f f u s i o n  pump was used t o  c r e a t e  background o r  r e s i d u a l  gas  

p r e s s u r e  as low as 6 x 10 mm Hg. The nominal speed of t h e  pump i s  

l i s t e d  as 80 l i t e r s / s e c .  A Welch model 1402B 140 l i t e r / m i n  mechanical 

pump w a s  used t o  o b t a i n  t h e  forevacuum pres su re  r e q u i r e d  by t h e  d i f .  

f u s i o n  pump. A d r y  ice  co ld  t r a p  separa ted  t h e  mechanical and d i f f u s i o n  

pumps. Th i s  t r a p  minimized t h e  flow of mercury vapor i n t o  t h e  mechani- 

ca l  pump and a l s o  minimized t h e  flow of  o i l  vapor i n t o  t h e  d i f f u s i o n  

-9 

A s  can be seen  i n  t h e  photograph, t h e r e  w e r e  a number of  co ld  t r a p s  

i n  t h e  system. The co ld  t r a p ,  which w a s  ad j acen t  t o  t h e  d i f f u s i o n  pump, 

was a s t anda rd  c y l i n d r i c a l  l i q u i d  n i t rogen  t r a p  t h a t  was fu rn i shed  w i t h  

t h e  d i f f u s i o n  pump. A second l i q u i d  n i t r o g e n  co ld  t r a p  of  t h e  s p h e r i c a l  

v a r i e t y  followed t h e  c y l i n d r i c a l  t r ap .  A ho t  f i l amen t  i o n i z a t i o n  gauge 

(Veeco model RG75P) and a va lve  con t ro l l ed  t u b u l a t i o n  t o  a 1 l i t e r  r eagen t  

grade  gas  b o t t l e  of  pure n i t r o g e n  were connected t o  t h e  system between 

t h e  c o l d  t r a p s  j u s t  desc r ibed .  A t h i r d ,  sp-metr ical  H-Type l i q u i d  n i t r o -  

gen c o l d  t r a p  w a s  used t o  s e p a r a t e  t h e  McLeod gauge from t h e  r e s t  o f  t h e  
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system. A second hot  f i l amen t  i o n i z a t i o n  gauge was l o c a t e d  between t h e  

s p h e r i c a l  cold t r a p  and t h e  symmetrical H-',ype co ld  t r a p .  

of t h e  l a t t e r  ion  gauge was taken to be r e p r e s e n t a t i v e  of t h e  gas  

p re s su re  i n  t h e  sys t em, tha t  i s ,  of t h e  gas p re s su re  being measured by 

t h e  McLeod gauge. 

model GM-110 ,!ch has a smallest s c a l e  d i v i s i o n  of 1 x 10 mm Hg and 

a gauge c o n s t a n t  of approximately 1 x 10 mm Hg/mm . The gauge was 

mounted w i t h i n  a l a r g e  p l a s t i c  container  f o r  two r easons :  F i r s t ,  t h e  

c o n t a i n e r  i s  a s a f e t y  dev ice  which would ca t ch  most of t h e  gauge mercury 

i n  t h e  event  of breakage. Second, t h e  c o n t a i n e r  could be f i l l e d  wi th  a 

coo l ing  b a t h  of i c e  water i n  order  t o  reduce t h e  mercury vapor s t ream- 

ing from t h e  gauge t o  t h e  symmetrical H-Type cold t r a p .  The mercury 

r e s e r v o i r  was connected through a metal Y connector t o  two Hoke model 

DR297 needle  va lves .  One of these  v a l v e s  was connected t o  a Welch model 

1400B mechanical pump whi l e  t h e  other  w a s  connected t o  t h e  atmosphere 

through a d ry ing  tube t h a t  contained Drier i te  i n d i c a t i n g  d e s i c c a n t  and 

g l a s s  wool f i l t e r s .  It should be noted t h a t  t h e r e  was no va lve  s e p a r a t -  

i ng  t h e  McLeod gauge from t h e  res t  of t h e  vacuum system. 

The r ead ing  

The McLeod gauge w a s  a Consol idated Vacuun? Corp. 

-7  

- 7  2 

The magnetic sphere valve arrangement w a s  used wi th  t h i s  McLeod 

gauge t o  p e r m i t  m u l t i p l e  compression measurements t o  be made. A small 

3/32" diameter sphere made of N o .  440 s t a i n l e s s  s t e e l  w a s  in t roduced 

i n t o  t h e  McLeod gauge ! i t h  the  a i d  of permanent magnets. The sphere w a s  

he ld  i n  e i t h e r  t h e  open o r  c losed p o s i t i o n s  by means of a small  e x t e r n a l  

C-Type magnet (Arnold Engineering Company Typ. No 8756) t h a t  w a s  mounted 

33 



on 3 pivoted arm. 

p ivo t  arm could assume e i t h e r  of two s t a b l e  p o s i t i o n s .  

The magnet holder was a bi-st3111e c.evice i n  ~.7hich t h e  

The s t a b l e  p o s i t i o n s  of the  pivot arm were a d j u s t a b l e  and r ep ro -  

duc ib l e .  The magnet ho lder  was mounted t o  t h e  t w o  up r igh t  rods  t h a t  

were a p a r t  of t h e  gauge support  s t r u c t u r e .  

a d j u s t  t h e  p o s i t i o n  of t h e  magnet along t h r e e  mutual ly  perpendicular  

axes .  The magnet ho lder  was made almost e n t i r e l y  of aluminum. 

photograph of F igure  8 shows both  the McLeod gauge and t h e  magnet 

Provis ion  was made t o  

The 

ho lde r .  The small magnetic sphere can be seen w i t h i n  t h e  gauge ad-  

j a c e n t  t o  t h e  magnet. 

I n  normal ope ra t ion ,  t h e  system would a t t a i n  a background p res su re  

of about 6 x 10 mm Hg a f t e r  about 24 hours of pumping, w i th  no l i q u i d  

n i t r o g e n  p resen t  i n  t h e  s p h e r i c a l  cold t r a p .  

of about 1 hour (hea t ing  t h e  g l a s s  t o  300 t o  4OO0C w i t h  a hea t  gun) and 

f i l l i n g  t h e  s p h e r i c a l ' c o l d  t r a p  with l i q u i d  n i t rogen ,  t h e  pressure  i n  

-9 t h e  system would drop i n t o  the  10 

when 'mul t ip le  compression measurements were t o  be made, t he  s y s t e m  would 

f i r s t  be  pumped down t o  t h e  lowest background p res su re  a t t a i n a b l e  and 

then  t h e  metal Hoke va lve  would be opened s lowly t o  s t a r t  a flow of 

pure n i t rogen  i n t o  t h e  d i f f u s i m  pump. The gas  p re s su re  i n  the  sys t em 

would be monitored wi th  the  system i o n i z a t i o n  gauge, which was operated 

a t  a reduced emission of 100 microamperesto .ninimize i t s  pumping e f f e c t .  

When poss ib l e ,  t h e  gas flow was l e f t  undis turbed f o r  a t  l e a s t  3 o r  4 

hours  before  any measurements were s t a r t e d .  

-8 

After  an outgass ing  per iod 

mm Hg reg ion  i n  a few hours .  Usual ly ,  
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Figure 8. Close-up view of the McLeod gauge used for multiple compression 
measurements. 

35 

A 



The positions of the mercury columns of the McLeod gauge were 

measured with an Ealing Cathetometer model 11-550 which would measure 

vertical positions with an accuracy of 0.05 mm. The cathetometer was 

leveled, and the telescope c-: . : ;  hairs were adjusted to the vertical 

- - 2 L l -  L l - -  
W L L U  L L I ~  a i d  of pliiab bLjb. A ~ e r c t i r y - l i i - g ? ~ ~ ~  ? & ~ r ~ t ~ r y  thermometer 

was used to measure the ambient temperature. 

The mercury in the McLeod gauge was triple distilled,instrument 

grade mercury. It was admitted to the gauge reservoir after vacuum 

filtration through a coarse fritted glass filter in order to remove parti- 

cles of d i r t  or d-uat from the  aiirface. rnL- ----..--- - - - -  -..+--,.--a I... 

ing it frequently into the low pressure region of the compression bulb 

over a period of several weeks. The degree to which the mercury had been 

outgassed could be determined in many ways. The outgassing rate of the 

mercury was obviously low enough to permit background pressures of 6 x LO 

mm Hg to be attainc?. This imposed a rough upper limit for outgassing of 

about 7 x 10 mm Hg liters/cm /sec. The outgassing of the mercury could 

be measured by raising the mercury above the cutoff level of the compress- 

ion bulb and exposing a known surface area of mercury to the high vacuum 

(of the order of 6 x 10 mm Hg) of  the compression bulb. The mercury 

was thus permitted to outgass into the known volume of the compression bulb 

for a measured interval of time. After this time interval, the McLeod gauge 

was used to measure the gas that had accumulated in the bulb during this 

period. In one recent test, for example, a final pressure of 5 x 10 mm 

Hg was measured with a single compression of the gauge. The compression 

L I I ~  ~ L K L L U L ~  w a a  u u ~ ~ a a a c u  v y  Tai3- 

-9 

-8 2 

-9 

- 7  
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b u l b  volume of  t h e  gauge was approximately 2 l i t e r s  and t h e  ou tgass ing  

mercury s u r f a c e  of 100 c m 2  was expo:;-d f o r  10 sec. The mercury o u t -  

gas s ing  r a t e  corresponding t o  th i s  measurement was t h u s  1 x 1 0 - l ' m m  Hg 

l i t e rs lcm Isec. Outgassing rates much lower than  t h i s  were u s u a l l y  

3 

2 

I n  a l l  t h e  important  experiments t h a t  were performed t o  de te rmine  

t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of a m u l t i p l e  compression McLeod gauge, 

t h e  lowest  p o s s i b l e  background pressure  w a s  f i r s t  a t t a i n e d  by long  t e r m  

pumping and ou tgass ing  of  t h e  system. A f t e r  t h i s ,  a flow of pure n i t r o -  

gen gas w ~ s  icitiated t o  r a i s e  the system pressure to t he  des i r ed  l e ~ ~ e l ,  

and t h i s  f low w a s  maintained f o r  many hours  p r i o r  t o  exper imenta t ion .  

I n  t h i s  way, i m p u r i t i e s  i n  t h e  n i t rogen  gas  be ing  measured were kep t  t o  

a minimum. 

3 7  



V. EXPERIMENTAL RESULTS 

There are a t  least  t h r e e  fundamental experiments  t h a t  can be  pe r -  

formed w i t h  a m u l t i p l e  compression McLeod gauge. The f i r s t  experiment  

i s  t o  measure a p r e s s u r e  t h a t  can be measured w e l l  w i t h i n  t h e  normal 

p L e a a u L r  L Q l l S j C  "I 

p res su re  i s  measured us ing  t h e  ord inary ,  s i n g l e  compression technique  

and a l s o  t h e  m u l t i p l e  compression technique.  The r e s u l t s  of  t h e s e  

two types  of measurements can then  be  compared. 

- - - - -~ - - -  - C  +hn ,.-..,. 
L1,S 6ou6c w i t h  s e re  degree  o f  con f idence .  This 

A second fundamental experiment i s  t o  measure a p re s su re  which i s  

-.<+L:-. W I L L I I L l  t h e  range ~f t h e  gauge but is ?zw enzugh so t h a t  i t  cannot  h e  

measured w i t h  confidence us ing  t h e  o r d i n a r y  s i n g l e  compression technique .  

Again, t h e  r e s u l t s  of s i n g l e  compression and m u l t i p l e  compression 

measurements are t o  be  compared. 

F i n a l l y ,  a t h i r d  fundamental experiment i s  t o  measure a gas  p r e s s u r e  

which i s  so l o w  t h a t  i t  i s  below the normal range of t h e  McLeod gauge 

when used i n  t h e  o r d i n a r y  f a sh ion .  I n  a d d i t i o n  t o  t h e  experiments  

l i s t e d  above, i t  should be  determined whether o r  n o t  t h e r e  i s  any ad-  

s o r p t i o n  o r  deso rp t ion  of gas  i n  the McLeod gauge du r ing  t h e  r e l a t i v e l y  

long measuri-ig per iod .  A l l  of the experiments  mentioned above have 

been performed and are descr ibed  below. 

The f i r s t  experiment t o  be c a r r i e d  ou t  w i t h  t h e  m u l t i p l e  

compression McLeod gauge w a s  t o  compare t h e  readings  taken  w i t h  t h e  
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gauge i n  t h e  normal f a sh ion  ( a s ing le  compression) w i t h  those  ob ta ined  

a f t e r  s e v e r a l  compressions. 

mm Hg was chosen t o  be measured fo r  s e v e r a l  r easons .  F i r s t  of a l l ,  t h i s  

p r e s s u r e  could be measured w i t h  the gauge w i t h  an  e r r o r  t h a t  w a s  j u s t  

T r e a t e r  t h m  f 4.4 p e r  centj according t o  t h e  manufacturer .  

de t e rmina t ion  w a s  based on a ? 0 .25  mm Hg p r e c i s i o n  i n  r ead ing  t h e  

p o s i t i o n  of t h e  mercury meniscus. 

a l s o  be measured w i t h  t h e  system hot f i l amen t  i o n i z a t i o n  gauge w i t h  

good p r e c i s i o n .  Small changes i n  the system p r e s s u r e  could be e a s i l y  

d e t e c t e d  during t h e  per iod of time t h a t  McLeod gauge measurements were 

made. 

-6 
A gas p r e s s u r e  of approximately 9 x 10 

The e r r o r  

-6 A p r e s s u r e  of  9 x 10 mm Hg could 

The experimental  procedure used w a s  t o  f i r s t  o b t a i n  a background 

p r e s s u r e  of about 1 x mm Hg i n  t h e  system, a f t e r  which pure n i t r o -  

gen gas  was pe rmi t t ed  t o  flow i n t o  t h e  d i f f u s i o n  pump t o  r a i s e  t h e  

system p r e s s u r e  t o  approximately 9 x 10 mm Hg. The system i o n i z a t i o n  

gauge w a s  ope ra t ed  a t  a reduced emission of 100 PA t o  measure and moni- 

t o r  t h i s  p r e s s u r e .  The system was pe rmi t t ed  t o  pump n i t r o g e n  gas a t  

t h i s  p re s su re  f o r  about 16 hours before t h e  experiment was s t a r t e d .  

-6 

The experiment was performed i n  t h e  fol lowing way: A measurement 

-6 of t h e  nominal gas  p r e s s u r e  of 9 x 10 

c o l l e c t i n g  a s i n g l e  sample of gas  i n  t h e  McLeod gauge i n  t h e  usua l  

way and then making f i v e  separate measurements of t h e  p re s su re  of t h i s  

sample. Each measurement w a s  made by lowering t h e  mercury t o  t h e  base  

of t h e  c a p i l l a r y  tubes and then  r a i s i n g  i t  a g a i n  so t h a t  t h e  meniscus 

mm Hg would f i r s t  be made by 
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of t h e  mercury i n  t h e  open c a p i l l a r y  w a s  a t  t h e  same l e v e l  as t h e  c losed  

end of t h e  c losed  end c a p i l l a r y .  I n  o t h e r  words, square l a w  o p e r a t i o n  

w a s  used. Af t e r  t h e s e  f i r s t  f i v e  measurements, t h e  f i r s t  sample w a s  

s t o r e d  i n  t h e  c losed  end c a p i l l a r y  by means of a magnetic sphere va lve ,  

and a second sample of gas w a s  c o l l e c t e d  i n  t h e  McLeod gauge. The f i r s t  

and second samples were combined and f i v e  measurements were made of t h e  

combined p r e s s u r e s  of t h e s e  t w o  samples. The same procedure was repeat-  

ed f o r  t h e  t h i r d ,  f o u r t h ,  and f i f t h  samples. Mercury menisci  p o s i t i o n s  

and t h e  p o s i t i o n  of t h e  top  of t h e  c losed  end c a p i l l a r y  were measured 

w i t h  a cathetometer .  A period of 10 minutes was allowed f o r  t h e  c o l l e c t -  

i on  of each n i t r o g e n  gas sample. 

The r e s u l t s  of t h e s e  measurements are shown i n  Table 11. The f i r s t  

column of t h i s  t a b l e  l i s t s  t h e  number of compressions ( cha t  i s ,  t h e  

number of gas samples c o l l e c t e d ) .  The second column shows t h e  r ead ing  

of t h e  Veeco ho t  f i l amen t  i o n i z a t i o n  gauge which w a s  monitor ing t h e  

system p r e s s u r e  i n  a re la t ive  way. The d a t a  w a s  taken wi thou t  i n t e r -  

r u p t i o n  f o r  a per iod of 1 2  hours .  Notice t h a t  t h e  p re s su re  i n  t h e  

system appa ren t ly  decreased by about 2 . 2  per  cen t  during t h i s  pe r iod .  

There i s  a h i n t  of t h i s  decreasing p res su re  i n  t h e  McLeod gauge measure- 

ments,  as w i l l  be seen s h o r t l y .  The t h i r d  column l i s t s  t h e  average 

v a l u e s  of t h e  f i v e  measurements obtained f o r  each of t h e  mercury column 

l e n g t h s  t h a t  r e p r e s e n t  t h e  f i n a l  p re s su res  of t h e  combined gas  samples 

i n  t h e  c losed  end c a p i l l a r y .  In  other  words, t h i s  i s  the  va lue  of t h e  

q u a n t i t y  h i n  t h e  expres s ion  f o r  the McLeod gauge p res su re  P = Kh where 
2 

n n n 
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K i s  t h e  gauge cons t an t .  

Sh 

t h e  p r e c i s i o n  o r  r e p r o d u c i b i l i t y  with which t h e  column l e n g t h  h could 

be determined. The a b s o l u t e  dev ia t ions  f o r  measurements t aken  w i t h  1, 

2 ,  and 3 compressions increased i n  t h a t  o r d e r ,  while  t h e  a b s o l u t e  devi- 

The next  column l i s t s  t h e  s t anda rd  d e v i a t i o n s  

a s s o c i a t e d  w i t h  each of t h e  average va lues  h and i s  a measure of n 
n 

n 

a t i o n s  decreased f o r  measurements taken w i t h  3 ,  4 ,  and 5 compressions. 

The i n t e r p r e t a t i o n  of t h i s  behavior i s  n o t  c l e a r ,  s i n c e  one would expect  

t h e  a b s o l u t e  d e v i a t i o n s  t o  e i t h e r  s t a y  cons t an t  o r  c o n t i n u a l l y  dec rease  

as t h e  gas p r e s s u r e  b u i l d s  up wi th in  t h e  c losed  end c a p i l l a r y .  O f .  

cou r se  t h e  r e l a t i v e  d e v i a t i o n s  S /h cont inuously dec rease  wi th  t h e  i n -  

c reas ing  amount of gas be ing  measured, and this i s  reflected iii the de- 

c r e a s i n g  f r a c t i o n a l  s t anda rd  d e v i a t i o n  of t h e  combined sample p r e s s u r e  

as l i s t e d  i n  Co!umn 6 .  Column 5 of t h e  t a b l e  shows t h e  computed v a l u e s  

of t h e  combined sample average p res su res .  The gauge c o n s t a n t  w a s  K = 

1.0241 x 

3 2195 cm a3-5 3 closed :AI ‘:a*-:!l:-::~ rX4n,3-:er cf  0.535 mm. The s i x t h  

column of t h e  Table shows c l e a r l y  how t h e  p r e c i s i o n  of t h e  gas p r e s s u r e  

h n  n 

mm Hg/(mm)2 corresponding t o  a compression bu lb  volume of 

measurement i n c r e a s e s  as t h e  combined o r  accumulated gas sample p r e s s u r e  

i n c r e a s e s .  An accumulation of f i v e  gas samplzs (n  = 5 ) ,  f o r  example, 

w a s  measured wi th  a r e l a t i v e  d e v i a t i o n  of l e s s  than 1 pe r  c e n t .  

A t  t h i s  p o i n t ,  t h e  c r u c i a l  p a r t  of t h e  e n t i r e  experiment i s  approach- 

ed.  It i s  ev iden t  from what has  j u s t  been s a i d  t h a t  an accumulation of 

n gas  samples can be measured wi th  a g r e a t e r  p r e c i s i o n  t h a n  a s i n g l e  

sample. The ques t ion  t o  be asked next i s  t h i s :  What p r e c i s i o n  can be 

42 



attributed to the measurement of a single sample component of the total 

accumulated sample? A s  shown in Column 7, one can determine the single 

sample component pressures by subtracting one combined sample average 

pressure from the next. The average value of the single sample com- 

ponents listed in Column 7 is the pressure P , ,  = 8.85 x 10 mm Hg -6 - 
;)I 

listed at the bottom of Column 8. Notice that the first sample measure- 

ment of 8.18 x 10 mm Hg is about 7.6% below the average value. The 

second single sample component measurement of 9.88 x 10 

11.6% above the average value. The third single sample component is 

5.6% below the average value, the fourth single sample component measure- 

ment is about 2.4% above the average value, while the fifth and last 

single sample component measurement is only about 0.68% below the average 

value. Thus it is clearly seen how the measurements of  an individual 

gas sample (results of a single compression) become less scattered and 

begin to cluster about an average value. The same trend is evident if 

one assumes that the individual single sample components are equal and 

can be found by dividing the accumulated or combined sample average 

pressures by the respective number of samples or compressions. The re- 

sults of this operation are shown in Column 8. Notice that the values 

for 3 and 4 compressions closely approach the "best" value of 8.85 x 10 

mm Hg, which is the average of the five compressions. The figures of 

Column 7 and 8 show how the measurements of a single sample component 

approach a sort of limiting value. 

-6 

-6 mm Hg is about 

-6 

Having found that one can determine the pressure of a single sample 

component by dividing the total accumulated pressure by the number of 
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compressions, and having further discovered that the values so obtained 

approach a limiting value as the number of compressions increases, it 

remains to assign some measure of precision to the single sample com- 

ponent pressures. One way to do this is to make the fundamental assump- 

tion that the errors of the individual samples are independent so that 

the square of the deviation of the combined or accumulated sample is 

equal to the sum of the squares of the deviations of the individual 

single sample components. If, for example, the standard deviation of 

the accumulated pressure after n compressions is Sp then the deviations n' 

Spnl to be assigned to the n equal, single sample components Pnl - - 

o r  Snn- = 2 2 
--I ? !r? z re  found from the relationship: Sp = nSp n n nl 

(11 Jn ) S p i i .  The standard deviations Spn , and hence SPnl Y are 

deviations for a single measurement reading. Tke corresponding standard 

deviations frr the average values of series of measurements or readings 

are reduced by multiplying the single measurement deviations by the factor 

1/ & .  Thus the values of c' for the deviations of the average 

pres sure 

the fractional standard deviations of an average single sample pressure is 

pd 

.- P /n are exactly the values Spn/n , so that, finally, 'nl n 

identical with the fractional standard deviation of a single measurement of 

a combined or accumulated sample pressure. 

of the de.. ',itions in Columns 6 2nd 9 .  Column 9 illustrates the improved 

precision that is obtained by using more compressions. The "best" or 

most representative value of the system -ressure measured in this experi- 

ment, excluding systematic errors, was the value p = C.85 x 10 mm Hg. 

The fractional standard deviation corresponding to this pressure was 0.63%. 

This accounts for the equality 

-6 
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Returning t o  t h e  o b j e c t i v e  of the experiment,  i t  can be seen t h a t  

t h e  random e r r o r  obtained f o r  t h e  s i n g l e  compression measurements w a s  

about 3 per  cen t  and t h a t  t h i s  error s t e a d i l y  decreased as more com- 

p r e s s i o n s  were made. It i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  t h e  presence of 

a r a t h e r  l a r g e  sys t ema t i c  e r r o r  i n  t h e  measurement of t h e  system p r e s s u r e  

u s i n g  a s i n g l e  compression was ind ica t ed  by t h e  r a t h e r  l a r g e  discrepancy 

between t h e  p re s su re  va lue  P = 8.18 x lo-'  mm Hg and t h e  f i n a l  p r e s s u r e  11 
-6  

11 P51 = 8.85 x 10 mm Hg, a t  t he  same t i m e  t h a t  t h e  random e r r o r  i n  P 

was about 3 p e r  c e n t .  This  p a r t i c u l a r  sys t ema t i c  e r r o r  w a s  probably 

due i n  p a r t  t o  t h e  smallness  of the gas  p r e s s u r e  a f t e r  one compression 

wher: cempared w i t h  s n r f a c e  f o r c e s  a c t i n g  i n  the  rapillary. The p o i n t  

t o  be made he re  i s  t h a t  t he  mul t ip l e  compression technique not  on ly  r e -  

duces t h e  random o r  experimental  e r r o r s  of measurcment b u t  a l s o  reduces 

those  sys t ema t i c  e r r o r s  t h a t  a r i s e  because of t h e  smallness  of t h e  gas 

sample when i t  is  confined near  the t o p  of t h e  c losed  end c a p i l l a r y .  

The r e d u c t i o n  of c e r t a i n  systematic  e r r o r s  through t h e  use of t h e  m u l t i -  

p l e  compression technique w i l l  be f u r t h e r  i l l u s t r a t e d  i n  t h e  d e s c r i p t i o n  

of t h e  next  experiment.  

B, '.MPROVZD ACCUR>ZCY I N  M9 ?:XJRING PRESSURES ?T THE 
L'Jis'ER LIbXT C.9 ! MCLEQD G'JJGE 'I: KANGE. 

The second experiment tha t  w a s  performed w i t h  t h e  m u l t i p l e  

compression McLeod gauge was t o  take a ser ies  of 20 compressions o r  

samples  of a nominal system p r e s s u r e  of about 9 x 10 

gen g a s .  Except f o r  t h e  f i r s t  and e l e v e n t h  compressions, r ead ings  were 

t aken  a f t e r  every o t h e r  compression, beginning w i t h  t h e  second compression. 

- 7  mm Hg of n i t r o -  
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The o b j e c t i v e  of  t h i s  experiment was t o  determine t h e  degree  of  c o n f i -  

dence t h a t  could be  placed i n  a measurement made nea r  t h e  lower l i m i t  

of a McLeod gauge ' s  range.  

According t o  t h e  manufacturer o f  t h e  McLeod gauge t h a t  w a s  used ,  

a p r e s s u r e  of  1 x 10 (somewhat g r e a t e r  t han  t h e  p r e s s u r e  under con- 

s i d e r a t i o n )  could be  measured with an e r r o r  of * 14 per  c e n t ,  based on 

a k 0.25 mm Hg p r e c i s i o n  i n  reading t h e  p o s i t i o n  of  t h e  mercury meniscus.  

I f  t h i s  e r r o r  computation i s  c o r r e c t ,  even a s i n g l e  compression measure- 

ment of a p re s su re  of 9 x 10 mm Hg would y i e l d  a reasonably  a c c u r a t e  

2nd usefu l  reading. 

-6 

- 7  

A s  i n  t h e  f i r s t  experiment,  t he  nominal system p res su re  w a s  measured 

w i t h  a h o t  f i l amen t  i o n i z a t i o n  gLiug:e t o  determine t h e  r e l a t i v e  change 

i n  p r e s s u r e  du r ing  t h e  experimental  pe r iod .  The gauge w a s  ope ra t ed  a t  

a reduced emission of 100 microamperes t o  minimize i t s  pumping e f f e c t .  

The vacuum system was prepared f o r  t h e  experiment by f i r s t  a t t a i n -  

-8 
i ng  a background p res su re  of about 3 x 10 mm Hg. Af t e r  t h i s ,  t h e  flow 

of pure  n i t r o g e n  gas  i n t o  t h e  d i f f u s i o n  pump was ad jus t ed  u n t i l  t h e  ho t  

f i l amen t  Bayard Alper t  gauge ind ica t ed  a p res su re  of  9 . 4  x 10 

The flow of n i t r o g e n  cont inued for  a per iod  of about 21 hours  b e f o r e  

t h e  experiment began. S l i g h t l y  less than  4 hours  be fo re  t h e  experiment 

began, t h e  s p h e r i c a l  cold t r a p  t h a t  s epa ra t ed  t h e  i o n i z a t i o n  and McLeod 

gauges from t h e  po in t  a t  which the n i t r o g e n  gas  en te red  t h e  system was 

f i l l e d  w i t h  l i q u i d  n i t rogen .  The system p r e s s u r e ,  as read  by  t h e  i o n i z a -  

t i o n  gauge, decreased t o  8 .8  x 10 mm Hg, thereby  i n d i c a t i n g  t h a t  approxi -  

- 7  mm Hg. 

- 7  
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mately 3 t o  4 per  cent  of  t h e  incoming gas  c o n s i s t e d  of condensables .  

The t ak ing  of d a t a  dur ing  t h i s  experiment was d iv ided  i n t o  two 

s e s s i o n s .  The f i r s t  10 compressions o r  gas  samples  were taken  du r ing  

a 5 hour per iod .  The combined o r  accumulated 10 samples were then  s t o r e d  

i n  t h e  c losed  end c a p i i i a r y  overnight f o r  a per iod of about 14 hours .  

A.& A i = + n r  L L L  t h i s ,  t h e  ne.:” t e n  ccmpressions \.>ere m2de during 8 6.5 hour p e r i o d .  

The p res su re  of t h e  accumulated 10 gas  samples be fo re  t h e  14 hour s t o r -  

age per iod  when compared w i t h  t h e  p re s su re  of 11 gas samples j u s t  a f t e r  

t h e  s t o r a g e  pe r iod ,  gave a measure of t h e  adso rp t ion  of n i t rogen  i n  t h e  

c a p i l l a r y  o r  compression bulb .  The accumulated 20 s a m p l e s  were then  

s t o r e d  f o r  42.5 hours  i n  t h e  closed c a p i l l a r y ,  a 21st  sample w a s  added, 

and t h e  f i n a l  p re s su re  w a s  measured. 

Only a s i n g l e  p re s su re  reading w a s  t aken  f o r  each  of t h e  accumulated 

samples t h a t  w a s  measured. The measurements were made us ing  square  l a w  

o p e r a t i o n  of t h e  gauge, as i n  the  f i r s t  experiment.  The same c a t h e t o -  

meter was used t o  measure t h e  pos i t i ons  of t h e  mercury menisci  and t h e  

t o p  of t h e  c losed  end c a p i l l a r y .  A 10 minute sampling per iod  w a s  used,  

except  f o r  t h e  19 th  and 20th compressions i n  which a 5 minute sampling 

per iod  w a s  used. The ambient temperature v a r i e d  between 24.5 C and 

25.5 C dur ing  the experiment.  

0 

0 

The r e s u l t s  of t h e  measurements made du r ing  t h i s  second experiment 

a r e  shown i n  Table  I11 and t h e  graph of F igure  9. 
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A s  i n  Table 11, t h e  f i r s t  two columns of Table  I11 l i s t  the  number 

of compressions and t h e  nominal system p res su re  as measured w i t h  t h e  

Bayard Alper t  Type i o n i z a t i o n  gauge. It can be  se?.. from t h e  f i g u r e s  

i n  Column 2 t h a t  t h e  system pressure s lowly decreased dur ing  t h e  per iod  

of t i m e  t h a t  measurements were being made.  The o v e r a l l  decrease  i n  

p re s su re  was something less than  3 per  cen t .  Column 3 of t h e  t a b l e  l i s t s  

t h e  l eng ths  of t h e  mercury columns corresponding t o  the  f i n a l  p re s su res  

of t h e  combined gas  samples i n  t h e  c losed  end c a p i l l a r y .  T h i s ,  i n  a 

s ense ,  i s  t h e  r a w  d a t a  from which the combined sample p re s su res  of  

Column 4 a r e  computed. Notice t h a t  i n  Column 4 t h e  combined sample 

p re s su re  increased  f o r  t h e  f i r s t  10 compressions.  Af te r  t h e s e  10 com- 

p res s ions  were made, t h e  combined sample was s t o r e d  i n  t h e  c losed  end 

c a p i l l a r y  f o r  a per iod  of 14 hours.  Af t e r  t h e  t e n t h  compression, t h e  

magnetic sphere va lve  being used was c losed ,  and i t  supported a column 

of mercury about 1 cm long a t  t h e  base of t h e  c a p i l l a r y  t o  form a p o s i -  

t i v e  gas  seal .  The mercury i n  the  compression bulb  was then  lowered t o  

a l c v e l  j u s t  above t h e  cu t -o f f  p o s i t i o n  of t h e  compression bulb  and was 

kept  i n  t h i s  p o s i t i o n  f o r  t h e  14 hour s t o r a g e  per iod .  During t h i s  per iod  

of t i m e ,  t h e  w a l l  of t h e  compression bulb  w a s  exposed t o  a ve ry  low 

p res su re  s i n c e  t h e  only  gas wi th in  t h e  bulb  w a s  t h a t  due t o  outgass ing  

of the mercury and deso rp t ion  from t h e  g l a s s .  When d a t a  t ak ing  w a s  re -  

sumed, t h e  f i r s t  s t e p  w a s  t o  lower t h e  mercury below t h e  compressi,on 

bulb  cu t -o f f  l e v e l  i n  order  t o  obta in  a new ( t h e  11th) gas  sample .  A s  

t h e  mercury w a s  so lowered, i t  was no t i ced  tha t  t h e  system ho t  f i l amen t  

gauge r e g i s t e r e d  a decrease  i n  pressure ,  i n d i c a t i n g  t h a t  t h e r e  had been 
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no p res su re  bui ld-up i n  t h e  compression bulb t o  a l e v e l  comparable 

w i t h  the  system p res su re  of 8.60 x 10 

t h a t  t h e r e  w e r e  v e r y  f i n e  d r o p l e t s  of mercury condensed on t h e  w a l l s  

of t h e  compression bu lb .  The mercury was allowed t o  r i se  i n t o  t h e  

compression buib t o  c o l l e c t  t h e s e  d r o p l e t s  and w a s  t hen  lowered once 

more below t h e  c u t - o f f  l e v e l .  Approximately 23 minutes a f t e r  t h e  

mercury was lowered below t h e  cu t -o f f  level,  t h e  l l t h  compression 

-7 mm Hg. It w a s  a l s o  n o t i c e d  

was s t a r t e d .  

As shown i n  Column 4 ,  t h e r e  was no apparent  i n c r e a s e  i n  t h e  p r e s s u r e  

of t h e  comb ned gas sample between t h e  1 O t n  and l l t h  compressions. Fu r -  

t h e r ,  t h e r e  w a s  on ly  a ve ry  small i nc rease  i n  p r e s s u r e  a f t e r  t h e  1 2 t h  

compression This  s o r t  of behavior sugges t s  t h a t  t h e  l l t h ,  1 2 t h ,  and 

even 1 3 t h  gas samples were mostly adsorbed on t h e  w a l l  of t h e  compression 

bu lb  and never reached t h e  closed end c a p i l l a r y .  An a l t e r n a t i v e  explan-  

a t i o n  would be t h a t  an amount of gas j u s t  equa l  t o  t h a t  contained i n  a 

s i n g l e  sample w a s  t smporn r i ly  adsorbed i n  t h e  c losed  end c a p i l l a r y  du r -  

i ng  t h e  14 hour s t o r a g e  per iod.  However, t h i s  exp lana t ion  does n o t  account 

f o r  t h e  s m a l l  amount of gas added i n  t h e  1 2 t h  and 1 3 t h  compressions. And 

t o  f u r t h e r  d i s c r e d i t  t h i s  explanat ion,  one can see from t h e  d a t a  t h a t  

a f t e r  t h e  20th compression when the combined sample w a s  s t o r e d  f o r  42.5 

hours  i n  t h e  c losed  c a p i l l a r y  i n  the same way as b e f o r e ,  t h e  21st com- 

p r e s s i o n  aga in  l e f t  t h e  t o t a l  pressure unchanged. The most r easonab le  

e x p l a n a t i o n  i n  t h e s e  cases  i s  t h a t  t h e r e  was no adso rp t ion  of t h e  s t o r e d  

gas i n  t h e  c losed  end c a p i l l a r y ,  but because of t h e  manner i n  which t h e  
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compression bulb was isolated at a low pressure during the storage 

period, the glass walls of the bulb bec,:me relatively gas free and thus 

constituted a good pumping surface. When new samples of gas were ad- 

mitted to the gauge, the majority of the molecules were "pumped" by the 

wall until a new equilibrium between adsorption and desorption was es- 

t ab1 ished . 

The figures listed in Column 5 of Table I11 show the differences 

in pressure between successive readings. 

sents the increase in pressure due to two compression samples. At a 
- 7  nominal system pressure of 9 x 10 mm Hg, each of these figures in 

Column 5 would be 1.8 x 10 

gauge. It can be seen that the first six compressions gave pressure 

increases well below this value, indicating large systematic errors 

for gauge operation in the region near the low pressure limit of the 

gauge. On the other hand, the data for the 8th and 10th compressions 

show clearly that although lower than normal pressure readings were ob- 

tained for the first six compressions, none of the gas collected during 

these compressions was lost, and when the gauge operation moved to a 

region of smaller systematic error, the presence of the accumulated gas 

samples was manifested by higher than normal pressure increases. The 

small pressure increases after the 12th and 14th compressions were due 

to adsorption in the compression bulb, as already indicated. 

parent oscillation of the pressure increases about the "ideal" value of 

1.8 x 10 mm Hg for the 16th, 18th, and 20th compressions could be due 

to the "overshoot" occasioned by the abnormally low pressure increases 

that were caused by compression bulb adsorption. 

Each of these numbers repre- 

-6 mm Hg for a fictitious "ideal" McLeod 

The ap- 

-6 



Column 6 of Table I11 lists the average pressure of a single gas 

sample as obtained by dividing the total accumulated pressure by the 

number of compressions made. This column shows the systematic nature 

of the errors involved in making measurements near the low pressure 

limit of the gauge. After a sufficient number of samples have been 

collected, the average pressure of a single sample begins to fall with- 

in a limited range. That is, the systematic change in the pressure of 

a single sample is eliminated and only random variations about some 

avei.3.:; .I' value remain. II 

Because of the unusual influence of the method used to store the 

accumulated gas samples for 14 hours after 10 compressions had been 

made, an attempt was made to remove the effects of the storage period 

by adjusting the data as follows: It was assumed that no gas was added 

to the combined or accumulated gas sample during the llth, 12th, and 

13th compressions. Thus the average pressures computed for single 

samples obtained from the 11th through 20th compressions would be in- 

creased over the corresponding values listed in Column 6. Column 7 lists 

the new, adjusted average pressures of single gas samples. 

One can obtain a good estimate of the system pressure by taking a 

weighted average of the last five meaningful readings. The last five 

meaningful readings in this case are those values in Column 7 of Table 

I11 that correspond to the numbers n = 10, 14, 16, 18, and 20 of Column 1. 

Based on the assumption that no gas was effectively added to the combined 
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The ad jus t ed  average p res su re  va lues  of a s i n g l e  gas sample ,  a s  

t aken  from Column 7 of Table 111, are  p l o t t e d  as a f u n c t i o n  of t h e  

e f f e c t i v e  number of compressions i n  F igu re  9 .  One should no te  how t h e  

appa ren t  p r e s s u r e  r ises from a very small va lue  f o r  one compression, 

t h e  r e s u l t  of an extreme systematic  c a p i l l a r y  e r r o r ,  t o  a much l a r g e r  

v a l u e  t h a t  v a r i e s  w i t h i n  r a t h e r  narrow l i m i t s .  The r e l a t i v e  constancy 

of t h e  p re s su re  va lues  beyond 10 compressions sugges t s  t h a t  t h e  system 

a t i c  e r r o r s  a s s o c i a t e d  w i t h  t h e  p o s i t i o n  of t h e  mercury i n  t h e  c a p i l -  

l a r i e s  have been e l imina ted .  The random e r r o r s  t h a t  remain can be de- 

sample du r ing  t h e  l l t h ,  1 2 t h ,  and 13th compressions,  t h e s e  v a l u e s  

correspond t o  t h e  fol lowing number of " e f f e c t i v e "  samples:  10 ,  11, 13 ,  

15, and 1 7 ,  r e s p e c t i v e l y .  A weighted average of t h e  f i v e  s i . i g l e  sample 

p r e s s u r e s  mentioned above i s  obtained by mul t ip ly ing  each p r e s s u r e  

va lue  by t h e  " e f f e c t i v e "  number of samples i t  r e p r e s e n t s ,  adding t h e s e  

p roduc t s ,  and d i v i d i n g  by t h e  t o t a l  number of " e f f e c t i v e "  samples. 

When t h i s  i s  done, one o b t a i n s  a weighted average s i n g l e  sample p re s su re  

of 9 . 7 3  x mm Hg. The f r a c t i o n a l  s t anda rd  d e v i a t i o n  of t h e  f i v e  

s i n g l e  sample  p re s su re  va lues  from t h e  weighted mean i s  2.44%. 

Another method of f i n d i n g  a good e s t i m a t e  of t h e  system p r e s s u r e  

i s  t o  f i t  a s t r a i g h t  l i n e  t o  the  l a s t  fou r  o r  f i v e  va lues  of t h e  ave r -  

age s i n g l e  sample p r e s s u r e  as a funct ion of t h e  number of compressions. 

The method of least squares  can be used f o r  t h i s  purpose.  The s lope  of 

t h e  s t r a i g h t  l i n e  w i l l  be a measure of sys t ema t i c  e r r o r s  t h a t  depend on 

t h e  p o s i t i o n  of t h e  mercury i n  the  c a p i l l a r i e s .  
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termined and w i l l  f u r n i s h  a measure of t h e  p r e c i s i o n  of t h e  average 

p r e s s u r e .  

I f  one s t u d i e s  F igu re  9 r a t h e r  c l o s e l y ,  s e v e r a l  i n t e r e s t i n g  McLeod 

gauge c h a r a c t e r i s t i c s  emerge. For example, t h e  f u l l  va lue  of t h e  

p r e s s u r e  w a s  not  i n d i c a t e d  by t h e  gauge u n t i l  about 10 compressions had 

been made. I f  w e  accept  the c o r r e c t  va lue  of t h e  n i t r o g e n  p r e s s u r e  i n  

t h e  gauge t o  be a p re s su re  of 9.73 x 10 mm Hg, t h e  combined o r  accumu- 

l a t e d  p res su re  i n  t h e  gauge a f t e r  10 compressions was 9.73 x 10 mm Hg. 

This  va lue  of p r e s s u r e  i s  ev iden t ly  s u f f i c i e n t l y  l a r g e  enough t o  be 

measured p rope r ly  (wi th  no l a r g e  systematic e r r o r )  w i th  a s i n g l e  com- 

p r e s s i o n  of t h e  gauge being used. F u r t h e r  evidence of t h i s  f a c t  d e r i v e s  

from t h e  r e s u l t s  of t h e  f i r s t  experiment where t h e  p re s su re  of 8 .85  x 

-7  

-6 

mm Hg w a s  measured w i t h  an e r r o r  of on ly  7 .5  p e r  cen t  w i t h  a s i n g l e  

compression. The d a t a  of F igu re  9 lend substance t o  t h e  a s s e r t i o n  t h a t  

any normal, "one compresssion" measurement made wi th  a p a r t i c u l a r  McLeod 

gauge should be viewed w i t h  suspicion i f  t h e  gas  p r e s s u r e  being measured 

i s  below a c e r t a i n  c r i t i c a l  l e v e l .  I n  t h e  case  of t h e  gauge used i n  

t h e  experiments ,  t h i s  c r i t i c a l  l eve l  corresponds t o  a p res su re  of about 

1 x mm Hg. 

Another c h a r a c t e r i s t i c  t h a t  i s  ev iden t  from t h e  graph of F igu re  9 

i s  t h e  r a t h e r  sha rp  change i n  t h e  slope of t h e  curve a f t e r  6 compressions,  

a t  a combined sample p re s su re  of  about 5 . 8 4  x 10 mm Hg. This  sha rp  

change i n  behavior  .can be c o r r e l a t e d  w i t h  t h e  sudden r i s e  of t h e  mercury 

i n  t h e  c losed  c a p i l l a r y  when it  reaches a p o s i t i o n  a t  which t h e  gauge 

would i n d i c a t e  t h i s  p r e s s u r e  i n  square law o p e r a t i o n .  

-6 
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C.  MEASUREMENT OF A GIS PRESSURZ BdLOW THE 
LOWER LIMIT OF 4 MCLEOD GAUGE. 

The t h i r d  experiment t ha t  was performed wi th  t h e  mul t ip l e  

compression McLeod gauge was t h e  measurement of a p re s su re  t h a t  was 

below t h e  normal range of t h e  gauge. The o b j e c t i v e  of t h i s  experiment 

was t o  determine t h e  f e a s i b i l i t y  of making such a measurement and t o  

determine those  f a c t o r s  which could l i m i t  t he  use fu lness  of t he  m u l t i -  

p l e  compression process  a t  very  low p res su res .  

The system was prepared f o r  the measurement of a very  low p res su re  

by keeping it evacuated f o r  about 2 weeks a t  t he  lowest p re s su re  a t t a i n -  

a b l e  without  having l i q u i d  n i t rogen  i n  t h e  s p h e r i c a l  co ld  t r a p .  The 

background p res su re  under these  condi t ions  was i n  the  v i c i n i t y  of 1 . 5  

t o  2 x 10 mm Hg as measured w i t h  t h e  system Bayard Alper t  type gauge -8 

a t  10 m a .  emission.  A t  p e r i o d i c  i n t e r v a l s  of about 2 hours ,  t h e  mercury 

was r a i s e d  r a p i d l y  i n t o  t h e  gauge t o  c r e a t e  a t u r b u l e n t  flow w i t h i n  the  

compression bulb.  The purpose of t h i s  ope ra t ion  was t o  outgas  t h e  mercu- 

r y .  I n  t h e  l i g h t  of later r e s u l t s ,  i t  i s  poss ib l e  t h a t  some of t he  d ry  

a i r  used t o  ra ise  t h e  mercury may have been en t r a ined  by t h e  mercury 

du r ing  t h i s  t u r b u l e n t  mercury motion. 

i Before t h e  low p res su re  measurements were undertaken,  t h e  outgass-  

i ng  ra te  of t he  mercury w a s  measured by f i l l i n g  t h e  compression bulb  

about  2 / 3  f u l l  and l eav ing  the  mercury i n  t h i s  p o s i t i o n  t o  outgas  over-  

n i g h t  i n t o  t h e  u n f i l l e d  700 cm3 volume of t h e  bulb .  Af te r  a 19 hour 
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ou tgass ing  pe r iod ,  t he  mercury in  t h e  compression bulb  was r a i s e d  and 

a McLeod gauge reading  was taken i n  t h e  normal fa::,i,in. T i ' k  :;3~il;c 

y i e lded  a p res su re  reading  of 3.5 x 10 mm Hg. This  reading  was based 

on a compression bulb  volume of 2195 c m  , whereas t h e  a c t u a l  volume of 

-6  

3 

3 cnr?fir?ed gas w 2 s  nnly ?!IC! cm . Thr?s, the actual pressure n f  the out- 

gass ing  products  i n  t h e  700 cm3 u n f i l l e d  bulb  volume was P = 2195 x 3 . 5  

x 10 / 700 = 1.10 x mm Hg. Since t h e  s u r f a c e  a r e a  of t h e  ou tgass -  

i n g  mercury w a s  144 c m  , t h e  measured mercury outgass ing  ra te  was 7.81 

x mm Hg l i ters /cm /sec.  

-6 

2 

2 

-8 It had beer! planned t n  measL!re a pressr?re of approximately 9 x 10 

mm Hg of n i t r o g e n  gas  us ing  a t o t a l  of 80 compression cyc le s  t o  y i e l d  

a f i n a l  accumulated gas  s a m p l e  p ressure  of  7.2 x 10 mm Hg. I f  t h e  

80 compression cyc le s  were to  be made i n  a reasonable  l e n g t h  of t i m e ,  

t h e  t i m e  a l l o t t e d  f o r  each compression cyc le  would have t o  be  l i m i t e d .  

Although approximately 30 minutes had been allowed p e r  compression cyc le  

i n  t h e  f i r s t  two experiments ,  i t  w a s  decided t o  a l low on ly  15 minutes 

f o r  each  compression cyc le  i n  the low p res su re  experiment.  The 15 minute 

c y c l e  c o n s i s t e d  of a 5 minute sampling pe r iod ,  a 4 minute per iod  f o r  

r a i s i n g  t h e  mercury, a 2 minute per iod  f o r  combining and s t o r i n g  t h e  

g a s  samples,  and a 4 minute period f o r  lowering t h e  mercury. I n  t h i s  

way, 80 compressions could be made i n  two 10 hour measurement per iods .  

-6  

It was recognized r a t h e r  e a r l y  i n  t h e  experiment t h a t  ou tgass ing  

o f  t h e  mercury dur ing  the  4 minute i n t e r v a l  t h a t  the  mercury was r a i s e d  

could  in t roduce  a l a rge  amount o f  ex t raneous  gas  i n t o  t h e  n i t rogen  gas  

be ing  sampled. A measure of t h i s  ex t raneous  gas should be  given by t h e  
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product  of  t h e  mercury outgass ing  r a t e ,  t h e  average mercury s u r f a c e  

a r e a  du r ing  t h e  compression (taken t o  be  150 cm ) ,  and t h e  t i m e  r e q u i r -  

ed t o  ra i se  t h e  mercury. The r e s u l t  of  t h i s  c a l c u l a t i o n  showed t h a t  

about 2.3 x 10 mm Hg l i t e r s  of gas would be  l i b e r a t e d  from t h e  mercu- 

r y  du r ing  each  compression. 

compared w i t h  t h e  amount of  n i t rogen  gas  i n  each  sample, v i z . ,  9 x 10 

mm Hg x 2 . 2  l i t e r  = 2 . 0  x mm Hg l i t e r .  The i n c r e a s e  i n  t h e  s i n g l e  

sample p r e s s u r e  because of  mercury ou tgass ing  could be expected t o  be  

approximately 14 per  c e n t .  D e s p i t e  t h i s  r e l a t i v e l y  l a r g e  e r r o r ,  i t  w a s  

be l i eved  t h a t  t h e  measurements would be worthwhile ,  and so t h e  e x p e r i -  

ment w a s  s tar ted.  

3 

-8 

This amount of  ex t raneous  gas  should be 

-8 

A s  w i t h  t h e  o t h e r  experiments,  one of  t h e  f i r s t  s t e p s  i n  making t h e  

measurements w a s  t o  f i l l  t h e  sphe r i ca l  co ld  t r a p  w i t h  l i q u i d  n i t r o g e n  

and o b t a i n  t h e  lowest  p o s s i b l e  background p res su re  be fo re  admi t t i ng  t h e  

pure  n i t r o g e n  gas  t o  t h e  system. A system background p r e s s u r e  v a l u e  of 

6 .3  x lo-’ mm Hg was obta ined  a s  measured w i t h  t h e  h o t  f i l amen t  i o n i z a -  

t i o n  gauge opera ted  a t  10 m a .  emission.  The n i t r o g e n  gas  b o t t l e  valve 

w a s  t hen  opened u n t i l  t h e  system p res su re  r o s e  t o  about 9 x 10 mm Hg 

( a t  10 m a .  emission) .  When t h e  i o n i z a t i o n  gauge emission was reduced 

t o  100 microamps, t h e  ind ica t ed  s y s t e m  p res su re  r o s e  t o  a va lue  o f  1 . 2  

x 10 mm Hg showing t h a t  t h e  i o n i z a t i o n  gauge had been pumping v e r y  

s t r o n g l y .  A Kei th l ey  model 600 e l ec t rome te r  w a s  used t o  measure t h e  

s m a l l  i o n  c u r r e n t  ou tpu t  of t h e  i o n i z a t i o n  gauge. 

-8 

-7 

About 1 hour a f t e r  t h e  n i t rogen  l e a k  w a s  opened, t h e  system p res su re  

was 9 .0  x m Hg and decreasing v e r y  s lowly.  It w a s  dec ided  t o  begin  
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the 80 compression measurements at this point and take a pressure read- 

ing after every 10 compressions. The first compression gave a pressure 

reading that was identically zero and bolstered the belief that the 

gauge was measuring a pressure below its normal limit. After the 10th 

compression had been made, a second reading of the accumulated gas 

sample pressure was made. The pressure measured at this time was 1.48 

-6 x 10 mm Hg. Such a pressure was obviously much higher than the ex- 

pected pressure of 9 x mm Hg or less. Another 10 compressions were 

then made, and the pressure of the 20 gas samples collected was found 

to be 5.05 x 10 mm Hg, corresponding to an average single sample * -6 

-7 pressure of 2.52 x 10 mm Hg instead of the 9 

pressure expected. After 10 more compressions 

for 30 gas samples was found to be 7.27 x 10 

2.42 x mm Hg for an average single sample 

-6 

-8 x 10 mm Hg nitrogen 

the accumulated pressure 

mm Hg corresponding to 

pressure. At this point, 

it was decided to end the experiment because the readings for the 20 and 

the 30 accumulated gas samples indicated that the single sample pressure 

of 2.42 x mm Hg would not change very much, although the trend ap- 

peared to be to lower values. 

There are at least two plausible explanations for the unusually 

high pressures found in this experiment. The first explanation is that 

an insufficient period of time was allowed for "conditioning" the McLeod 

gauge at the nitrogen gas pressure of 9 x 10 mm Hg. Actually, only 

about 1 hour was allowed for this process, whereas past experience had 

indicated that at least two or three hours were necessary to obtain ad- 

sorption-desorption equilibrium at this pressure. Also, the gauge had 

-8 

59 



been exposed t o  a pressure  of 1 . 1 0  x 

f o r  a long per iod of time l e s s  than 2 hours be fo re  t h e  mul t ip l e  com- 

press ions  were s t a r t e d .  It i s  poss ib le  t h a t  Loth t h e  c losed  end c a p i l -  

l a r y  and t h e  compression bulb  were s t i l l  desorbing outgass ing  products  

mm Hg of  ou tgass ing  products  

A second explana t ion  f o r  t h e  l a r g e  amount of gas  obtained i n  t h e  

30 compressions i s  t h a t  t h e  mercury outgassed much more than was com- 

puted on t h e  b a s i s  of a s t a t i c  outgassing t e s t .  When t h e  mercury was 

r a i s e d  i n  the  McLeod gauge a t  the  speed requi red  t o  f i l l  t he  gauge i n  

4 m i i l - ~ t e a ,  it was observed t h a t  thc. -nrn..r.. m n t 4 ~ -  i~ tho n-* .na  
L L I S  .,'SI L " A .  J L L l U C L U L .  C . L b  6VUbL was 

t u r b u l e n t .  This  very  tu rbu len t  motion, i n  a more extreme form, had 

been used e a r l i e r  t o  outgas  the  mercury. It i s  reasonable  t o  assume 

t h a t  t h e  outgass ing  ra te  f o r  t h e  moving mercury i s  much g r e a t e r  than 

t h a t  measured f o r  t he  quiescent  mercury. 

The r e s u l t s  of t he  low pressure experiment o u t l i n e d  above begin t o  

show some of t h e  l i m i t a t i o n s  of the mul t ip l e  compression McLeod gauge 

technique f o r  measuring pressures  i n  an abso lu te  fash ion .  Adsorption- 

deso rp t ion  e q u i l i b r i a  and gas f r ee  mercury a r e  r equ i r ed  when making 

p res su re  measurements below the  normal l i m i t  of t he  gauge. 

D. AI3SORPTIC.N OF NITROGEN GAS I N  THE 
CLOSED flND CAPILLARY OF A MCLEOD GAUGE. * 

After  t he  30 compressions of  n i t rogen  gas had been made i n  

t h e  t h i r d  experiment j u s t  descr ibed,  the  accumulated sample pressure  of 

7 . 2 7  x 10 
-6 

mm Hg was s to red  i n  the c losed  end c a p i l l a r y  f o r  35 hours .  
' 

60 



At the erid of this storage period, and with the system pressure constant 

at 8.40 x mm Hg of nitrogen as measured with the ionization gauge 

operating at 100 microamps, a 31st sample was added to the previously 

stored gas. The total pressure of the 31 samples was found to be 

ideiltica? v f t h  that Gf t he  30 samp?es =.,essured ea r l i e r ,  withir!  the  ex- 

perimenta1:error involved in readingithe mercury positions. It will be 

recalled that results of this kind had been obtained earlier. It ap- 

pears that the pressure of the new sample of gas was not manifested 

while the old pressure remained unchanged. 

Based on the experimental resu i ts  zb ta ined ,  m e  CSR evidently store 

samples of gas in a small bore capillary of the type used in McLeod 

gauges (‘the capillary used in these experiments ha? a diameter of 0.535 

mm and a length of,about 21 cm) for long periods of time without any 

apparent change in the gas pressure. Thus it can be said that there is 

no permanent, long term adsorption or absorption in the sense of a chemi- 

cal gettering action or diffusion of the gas into the glass wall or mercu- 

ry. Such behavior, of course, is essential for the proper operation of 

a multiple compression McLeod gauge. 

The inability to measure the pressure of a new gas sample that is 

added to a sample that has been stored for a long period of time is some- 

thing of a mystery. If we may be permitted to speculate, it seems as 

though the new gas sample is temporarily adsorbed on the walls of the 

glass or mercury. 
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To continue with our speculation, temporary adsorption could also 

account for ~;ie results of the second experiment where it was shown that 

the full pressure of the accumulated gas samples only manifested itself 

slowly, a_':er 10 compressions and an interval of time of about 5 hours. 

H C W P V ~ T ,  there are ether phenomena that  can account f o r  the abnormally 

low pressure values that are usually obtained when a McLeod g,: ge is 

used near its lower limit of operation. For example, a decreased capil- 

lary depression due to the presence of a gas phase above the mercury 

meniscus, as found by Nottingham , would also account for the apparent 

lowering of the pressure. 

It would be best to end this discussion on a note of caution. Ad- 

sorption-desorption effects are probably important in the operation of 

McLeod gauges at low pressures. 

the pressure to be measured to insure an adsorption-desorption equilibri- 

um is an example of this. Sudden changes in the gas pressure (at low 

pressures) would tend to upset the ad-drption-desorption equilibrium 

and could cause temporary adsorption or desorption t i l  gas. 

The need for "conditioning" a giliijic at 
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VI. SUMMARY AND CONCLUSIONS 

The concept of using a McLeod gauge to accumulate a series of 

samples of the gas being measured is introduced. The idea is first 

examined fi.,m a theoretical standpoint, and it is shown that the e- 

quations descriiiing the operacion or' r;he gauge are ciiariged iii oiilji ace 

rocnort. ---r---- The volume of the Compression bulb and closed capillary V is 

replaced by a term V + (n - l)V', where n is the number of gas samples 

collected and VI represents the volume of the compression bulb below 

the gas storage vLalve. In practical designs of a multiple compression 

gauge, the volumes V '  and V differ by only a few I -?:, of a per cent, 

and so one ca say that the "effective" compression bulb volume of a 

well-designed gauge used to accumulate n samples of gas is just n times 

greater than the actual bulb volume. In other words, the gauge becomes 

n times more sensitive. Thus, if a McLeod gauge used in the ordinary, 

single compression fashion can be expected to yield 1 per cent accuracy 

at a pressure P, the same gauge used in multiple compression fashion 

should yield a measurement of this accuracy at a 1o~er pressure p/n. 

In order to construct a practical multiple compression McLeod gauge, 

it is necessary to install a valve in the gauge between the top of the 

compres:::on bulb and the bottom of the closed end capillary. Four types 

of valve mechanisms or gas storage techniques \;ere studied experimentally. 

These were the float valve, the electromagnetic mercury valve, the mag- 

netic sphere valve, and the mercury freezing technique. The relative 
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merits of t h e  v a r i o u s  dev ices  were compared, and i t  w a s  decided t h a t  

t h e  s i m p l e s t ,  f a s t e s t ,  and most r e l i a b l e  device w a s  t h e  magnetic sphere 

va lve .  The l a t t e r  va lve  c o n s i s t s  of a small sphere of magnetic m a t e r i a l  

( a  3 /32  inch  diameter  b a l l  bear ing made of type 440 s t a i n l e s s  s t e e l ,  f o r  

example) t h a t  i s  placed i n s i d e  the compression bulb and i s  moved by means 

of e x t e r n a l  permanent magnets o r  electror.  i gne t s .  When gas samples are 

t o  be s t o r e d  i n  t h e  closed end c a p i l l a r y ,  a s h o r t  column o r  p e l l e t  of 

mercury about 10 mm long is  i s o l a t e d  and suspended a t  t h e  base of t h e  

c a p i l l a r y  by c l o s i n g  o f f  t h e  entrance t o  t h e  c a p i l l a r y  w i t h  the  magnetic 

sphere.  The s h o r t  column of mercury a c t u a l l y  provides  t h e  g a s - t i g h t  sea l .  

When a magnetic sphere i s  used i n  this f a s h i o n ,  t h e r e  i s  no need t o  modi- 

f y  t h e  McLeod gauge, and, f u r t h e r ,  t h e  gauge can be used i n  i t s  normal,  

s i n g l e  compression f a sh ion .  

_- 

A low p r e s s u r e  McLeod gauge can be used p rope r ly  only i f  i t  i s  a 

p a r t  of a wel l -designed low pressure pumping system. A d e s c r i p t i o n  i s  

g iven  of t h e  low p r e s s u r e  s y s t e m  t h a t  w a s  cons t ruc t ed  f o r  t h e  purpose of 

t e s t i n g  t h e  c h a r a c t e r i s t i c s  and u t i l i t y  of a low p r e s s u r e  m u l t i p l e  com- 

p r e s s i o n  McLeod gauge. The system was b a s i c a l l y  an a l l  g l a s s ,  mercury 

d i f f u s i o n  pump system t h a t  was capable of a t t a i n i n g  base  p r e s s u r e s  as 

low as 6 x 10 mm Hg wi th  a minimum of bakeout.  N o  waxed o r  greased 
-9 

j o i n t s  were used i n  t h e  cons t ruc t ion ,  and no va lve  w a s  i n t e rposed  be -  

tween t h e  McLeod gauge and the  r e s t  of t h e  system. A symmetrical H-  

Type l i q u i d  n i t r o g e n  cooled t r a p  was placed between t h e  McLeod gauge 

and t h e  system i o n i z a t i o n  gauge t o  p e r m i t  i o n i z a t i o n  gauge r ead ings  t o  

be made. The McLeod gauge used was a Consolidated Vac:vum Corporat ion 

64 



- 7  2 model GM-110 which has  a nominal gauge c o n s t a n t  o f  1 x 10 mm Hg/mm 

and a smallest s c a l e  d i v i s i o n  of  1 x 10 mm Hg. A magnetic sphere  

valve w a s  used t o  permit  m u l t i p l e  compressions t o  be made. Pure r eagen t  

grade n i t r o g e n  gas  was flowed i n t o  t h e  d i f f u s i o n  pump t o  e s t a b l i s h  v a r i -  

o u : ~  p res su res  of n i t r o g e n  i n  t h e  system. 

- 7  

The l a s t  s e c t i o n  of  t h i s  r e p o r t  d i s c u s s e s  some experiments  t h a t  were 

perfomed w i t h  t h e  low p res su re  mul t ip l e  compression McLeod gauge. I n  

g e n e r a l ,  i t  i s  shown how t h e  mul t ip l e  compression technique  l eads  t o  

more p r e c i s e  measurements and a minimization of sys t ema t i c  e r r o r s .  The 

f i r s t  c a r e f u l  experiment performed w i t h  a m u l t i p l e  compression McLeod 

gauge showed t h a t  a nominal pressure of 9 x 10 mm Hg, which i s  w e l l  -6 

w i t h i n  t h e  normal range  of t h e  gauge used ,  could be  measured much more 

p r e c i s e l y  by us ing  f i v e  compressions than  by j u s t  t ak ing  f i v e  r ead ings  

of a s i n g l e  compression measurement. When mui - ip l e  compressions are 

made, a l a r g e  sample of gas  i s  observed and t h e  r e l a t i v e  e r r o r s  become 

sma l l e r .  I n  t h e  experiment j u s t  mentioned, t h e  average p r e s s u r e  va lue  

obta ined  when f i v e  compressions were made was a p res su re  of 8 .85 x 10 

mm Hg w i t h  a f r a c t i o n a l  s t anda rd  dev ia t ion  of 0 .63 p e r  c e n t .  The ave r -  

age p re s su re  va lue  obta ined  f o r  a s i n g l e  compression was a p re s su re  of  

8.18 x mm Hg w i t h  a f r a c t i o n a l  s t anda rd  d e v i a t i o n  of  2 .99  per  c e n t .  

The d i f f e r e n c e  i n  t h e  two pressure  r ead ings  i s  be l i eved  t o  be  due t o  t h e  

-6 

presence  of  a sys t ema t i c  e r r o r  which i s  a s s o c i a t e d  wi th  t h e  p o s i t i o n  of  

t h e  mercury i n  t h e  c a p i l l a r i e s .  The sys t ema t i c  e r r o r  g e t s  smaller as 

t h e  amount of  gas  i n  t h e  c losed  end c a p i l l a r y  g e t s  l a r g e r .  
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A second experiment was performed t o  measure a gas  p re s su re  nea r  

t h e  lower l i m i t  of t h e  gauge measuring c a p a b i l i t y .  Twenty compressions 

were made of n i t r o g e n  gas a t  a nominal p r e s s u r e  of 9 x 10 mm Hg. 
- 7  

Pressu re  r ead ings  were taken a f t e r  every o t h e r  compression. The r e -  

s u l t s  of t h e s e  measurements showed ve ry  g r a p h i c a l l y  t h a t  a very l a r g e  

sys t ema t i c  e r r o r  was p re sen t  i n  the gauge a t  t h i s  low p r e s s u r e  l e v e l .  

The p res su re  r ead ings  obtained were f a r  below t h e  c o r r e c t  va lue  u n t i l  

1: gas  samples were accumulated t o  g ive  a t o t a l  combined sample p r e s s u r e  

of about 9 . 5  x 10 m Hg. A s  a d d i t i o n a l  samples of gas were added t o  
-6  

t h e  t o t a l ,  t h e  sys t ema t i c  change i n  t h e  p r e s s u r e  of a s i n g l e  sample 

vanished,  and t h e  v a r i a t i o n s  i n  the s i n g i e  sampie  pressui-  became pure iy  

random and dec reas ing .  A weightel average va lue  of t h e  system p r e s s u r e  

was found t o  be 9 . 7 3  10 mm Hg with a f r a c t i o n a l  s t anda rd  d e v i a t i o n  
- 7  

( c o e f f i c i e n t  of vari: ; t ion) of 2.44 per  c e n t .  It i s  p o s s i b l e  t h a t  t h i s  

i s  t h e  most p r e c i s e  McLeod gauge measurement made t o  d a t e  of a p re s su re  

of t h i s  magnitude. 

A statement  concerning t h e  absolute  accuracy of m u l t i p l e  compression 

McLeod gauge measurements must await a c l o s e r  s tudy of many p o t e n t i a l  

sou rces  of sys t ema t i c  e r r o r  as well as t h e  i n t e r a c t i o n  of t h e  gauge and 

t h e  system i n  which i t  i s  being used. The presence of condensable g a s e s ,  

t h e  abso rp t ion  of c e r t a i n  gases  i n  t h e  mercury thermal t r a n s p i r a t i o n  

e f f e c t s ,  and mercury vapor stream pumping e f f e c t s  must be given c a r e f u l  

c o n s i d e r a t i o n .  The use of a mul t ip l e  compression gauge, however, w i t h  

i t s  sma l l e r  random e r r o r  and extended range of o p e r a t i o n ,  should make 

i t  e a s i e r  t o  d e t e c t  most of t hese  sys t ema t i c  e r r o r s .  
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A t h i r d  experiment t h a t  was c a r r i e d  o u t  w i t h  t h e  m u l t i p l e  com- 

p r e s s i o n  technique was t h e  measurement of a gas  p re s su re  below t h e  

normal range of t h e  gauge. This  s o r t  of measurement, of cour se ,  i s  

completely impossible  wi th  a normal McLeod gauge. A gas  p re s su re  of 

about 9 x qm Hg of n i t rogen  was e s t a b l i s h e d  i n  t h e  system and 30 

compression samples of  t h i s  gas  were accumulated i n  t h e  McLeod gauge. 

It was found t h a t  a t  t h i s  low a pressure  leve l ,  ou tgass ing  from t h e  

mercury and p o s s i b l e  deso rp t ion  of gas  from t h e  w a l l s  of t h e  gauge con- 

t r i b u t e d  approximately twice as much gas  t o  t h e  Eota l  p re s su re  as t h e  

n i t rogen .  Because t h i s  experiment was no t  performed under t h e  b e s t  

_ _ ^ "  puas ib l e  cond i t ions ,  i t  is  bs l ieveb  that a d d i t i o n a l  experiments of  t h i s  

type  w i l l  show t h a t  p re s su res  below t h e  normal range of a McLeod gauge 

can be  measured w i t h  t h e  mul t ip le  compression tecnnique .  Although t h e  

primary o b j e c t i v e  of  t h e  experiment,  measuring a n i t r o g e n  p res su re  of 

9 x mm Hg, was no t  achieved, t h e  experiment d i d  show t h e  imporl-  

~~~1~~ of  using gas - f r ee  mercuzy and al lowing s u f f i c i e n t  t i m e  f o r  ad- 

so rp t ion -deso rp t ion  equ i l ib r ium to  be e s t a b l i s h e d .  

I n  t h e  course of  t h e  experimental  work a l r eady  d i scussed ,  a number 

of tes ts  were made t o  determine whether o r  no t  accumulated samples of 

gas could be s t o r e d  unchanged i n  t h e  c losed  end c a p i l l a r y  of a McLeod 

gauge. The l eng th  of t he  s torage  per iods  va r i ed  from 14 hours  t o  4 2 . 5  

hours .  It was found i n  every  case t h a t  t h e  s t o r e d  gas  remained un- 

changed. However, i t  was observed t h a t  when smal1,new samples of gas  

were added t o  t h e  s t o r e d  samples, t h e r e  was no measurable inc rease  i n  

t h e  t o t a l  gas  p re s su re  immediately a f t e r  t h e  additio:i .  It i s  suggested 

t h a t  temporary ad::.:rption of t h e  new gas sample was r e spons ib l e  f o r  t h i s  

r e s u l t .  
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